Towards Realistic Soft Tissue Modeling in Medical Simulation by Delingette, Hervé
HAL Id: inria-00073178
https://hal.inria.fr/inria-00073178
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Towards Realistic Soft Tissue Modeling in Medical
Simulation
Hervé Delingette
To cite this version:
Hervé Delingette. Towards Realistic Soft Tissue Modeling in Medical Simulation. RR-3506, INRIA.
1998. ￿inria-00073178￿
IS
S
N
 0
24
9-
63
99
ap por t  
de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Towards Realistic Soft Tissue Modeling in Medical
Simulation
Hervé Delingette
N˚ 3506
Septembre 1998
THÈME 3
 
	 ! "##$%'& 	%(%) ( & 	*+
,-.$/(
0,13246587913:<;>=@?A1CBDB 18E
FHGJIKMLONP QSRUTVLWVXZY[TV\^]CR_GJ]CKMKLa`SKXZYbGc\^RcLed
\fKXZgCLhdjic]ZRcRckLhdlY]ZRcRjXZ\^hmhmXZRcYLh
noWp]eqrLTtsvuc\^ijXZwcWpLyxCx
ztXZuJuA]CWrTicLWmLYbGcLWpYbGcLRO{UNC|Z}C~P LuJTmLKOJWmLCCP CyujXZgZLh
9
[ jZU S#Z3bcbC¡ a¢£S¤t¥U¢^S¡D¦ZSV+§¨DrbD¦© bDVS§S¡ §VªU§bV¦erS¡D¦3H
¦D/¡ a¢
SS§S¥3 VS¥U§bHS«Hr¬ /¦3MD b bD¥U¦e@S«3V¤§ªU«eZ¡ a¢£¦S¥U§­/®VªU§bV¦eS¤¦U©MªU«¯CS¡ a¢#ªU«3V¦3D±°
V¦²¦3j³´D§/SªJb V¶µ a¢¤¢¤S«3±§a¢¤¡SS¡ ±ZUV¢¤¤¦U©
r·+S¡S¥3¹¸v¤¢¤¢#¦3DD¦U¢¤,¤/ªU§aº  V¥U§S§V¦¯bC¡ a¢
S¤t¥U¢^S¡D¦ZSVo¨U¥Uo¸v¤¢¤¢´ bD¦3S¡UV§r¨U¢¤MV¦U¢^§S© S«3V#ªUªU¢¤¡ aS¡D¦3»¦3S«3 V§bC¤¨U¤¢¤¤>M£bC¡ a¢
S¤t¥U¢^S¡D¦l³U¼§D"¦3V¥U§S¥U§S© V§SyªU¢^¦U¦U¤¦U©±¢^ª§r bDªU¡ S¥U§S© V§S²S¤t¥U¢^S¡D¦l­
½ ¦*D§UV§t,D r«U¡Vº §a¢¤¡SS¡ S¡S¥3Um¾D§SS¡D¦l³¤¡¦3b bbr§S9 bDt¨U¤¦3Um¾D§SS¡D¦D b V¥U§rD V
¸v¤S«% bD/ªU¥UV§m¿ V¡V¦3 V ­tÀÁ¦9S«3±D¦3¹«¦3j³Â¨U¡Db r«¦U¡ b«D+SS¥3C¡b9 bD/ªU¢¡mÃ,S«3VS¡ a¢eUV¢¡
¦3yªU§ZC¥3 bb²¢^§S© D¥U¦eoAmÃCªJV§S¤V¦er¢´3r¼D§Ä§VªU§bV¦eS¤¦U©S«3+Um¼D§SS¡D¦M·
S¡S¥3­ÀÁ¦
S«3ODS«3V§±«¦3j³£ bD/ªU¥UV§/©§rªU«U¡ bt«D¹ªU§DªcbÅ¦¯_¢¤© D§S¤S«U¹¾D§S«3§a¢¶°ÆS¤y bD/ªU¥UrS¡D¦8
Um¾D§S¨U¢¡¨ceC¡b[³U·V¦oS«3H b6¤©¦3D§S¤¦U©S«3HªU«¯CS¡ bvªU§S¤¦3 V¤ªU¢¡ba­
½ ¦²S«U¡vªªcV§a³U¸
S¥U§Sº V²mÃZ¡S¤¦U©/eUV¢¡ÁUm¾D§SS¡D¦¤¦MbC¡ a¢AS¤¥U¢^S¡D¦9¦3²¸@¦¢¤ZÇaS«3
¤/ªcbC¤V¦¯Á/ bD¨U¤¦U¤¦U©O bD/ªU¥UV§È°Æ©§rªU«U¡ bÁ§VªU§brV¦¯rS¡D¦3Á¸v¤S«M¨U¡Db «¦U¡ a¢6eUV¢¡[­ ½ ¦²ª§SS¡ V¥C°
¢^§a³¯S«3vC¶ÉcV§V¦e#© bDVS§S¡ v§VªU§bV¦erS¡D¦3@cUm¼D§S¨U¢¡vS¡rS¥3v§v bD/ª§b¤¦±§V¢^S¡D¦+S«3ÄrDS¬C£
§a¢¶°ÆS¤¹Um¼D§SS¡D¦l³ÂS¡S¥3 V¥USS¤¦U©O¦3²¾D§ bm°¾¾bbC¨D ¬M¤¦eV§rD VS¡D¦l­vÊA¤¦¢¤¢¤ ³Â¸@¤¦3Sªcb VoS«3ªcDV¦¯S^¢
bC¡ a¢AS¤t¥U¢^S¡D¦¥U¦3UV§oS«3UVº V¢¡DªUV¦¯ÁS«U¡o¬ VOb «U¦3D¢¡D© ­
ËÅÌUÍ6ÎpÏyÐ ¯Ñ@e hmwJWmgCLWpÒ,hm\^KOwcÓfXeTV\^]CRdJicLÔÆ]CWpKXZcÓ^L±KM]ÂicLÓfhdJÕjRc\¡TVL¹LÓ^LKMLRUTKMLTmGc]Âi6dcKMLic\^YDXZÓA\fKXZgZ\fRcg
Ö¡×ØÙSÚÛ+ØoÜ@ÝfÙSÞ>ßà
átâcã¼äHåaæèçfélêërìîí[ëï ð@ërçèæòñ¯ó[ëô<ô<ëbõ
ö>÷ø ù æ¶å ï æòñ ìîæ¶å ï ú¡ì
áá ùô>ôîø3éüû[ûVý£ý£ývï æèñ ì<æ¶å ï ú¡ìûbâlþÿ æèøeëmöÈûaâ Æð	#âcã¼ërñ óeï ùôîä»ç
Unité de recherche INRIA Sophia Antipolis
2004 route des Lucioles, BP 93, 06902 SOPHIA ANTIPOLIS Cedex (France)
Téléphone : 04 93 65 77 77 – Télécopie : 04 93 65 77 65
& 	 #[O( 	% ##$ - $$% '-.$/( 	%!*[
$%)O[
 
	   A¹ªU¢¤¥Uª§SUboS¤t¥U¢^V¥U§obC¡ a¥CÃMD VS¥3V¢¡D¦eÄ¼D¦3bo¥U§ÄUboeV¢¡bv©bDVS§Se¥3b
U/SS§S¥3 VS¥U§bt¦D/¯¥3ba³´r¦3+V¦U¤§ bD/ªU/U±¢¡V¥U§+§a¢¤¤/ªU«¯CSe¥3­´O§VªU§bV¦erS¡D¦ÅUb+ªU«V¦3°
V¦3b/ªU«eZ¯¥3bVa³ªU¢¤¥3Sªb V¶µ¯¥3VV¦ea³
¢^ZV¢¤¡rS¡D¦8§a¢¤¡²Ub/S¡S¥3±D¥3a³¦lüV¢¤¡D§V§r%ªD
¥U¦Ue¥3VV¦¯»¢^¯¥¢¤¤UboS¤¥U¢^V¥U§ÁbC¡ a¥CÃj³U¡oªcV§SVSS§r/jV¢^§S©¤§Á bD¦3¡V§r¨U¢¡VV¦¯»¢¡H «/ª
jüªUªU¢¤¡ aS¡D¦_U/ bbS¤¥U¢^V¥U§[³AUVªU¥U¡H¢^OªU¢^¦U¶µ aS¡D¦_U±¢^O¦3V¥U§e r«U¤§S¥U§S©¡º V§H¢^y¤¥U¢^S¡D¦ÅU±¢^
 r«U¤§S¥U§S©¡/¤¦U¤¢¡VV¦eÁ¤¦eºDDS¤º ­
 µ3¦%U±S¤¥U¢¡V§U¹¦UV§/§a¢¤¡t¢^Om¾D§SS¡D¦*Ub+S¡S¥3»D¥3a³l¤¢b»¦b bbrr¤§±UtZV¢¤¡V§
aº b MªU§b V¡S¡D¦  bbm¾D§SS¡D¦3¡¥3rSU²¢¡b a¢¡ V¥U¢¡V§m¿ aD bVV¦¯a­6D¥U§¢¡²ªU§V/¡V§yDSªcb Va³@¢^
¨U¡Db a¦Ue¥3²bS¢¡OUD¤¦3y V¡V¦¯S¶µe¥3¯¥U VS¥3C¡yUbZV¢¡b¹S«VS¯¥3b/ bD/ªU¢¡mÃUb±U bD±°
ªcD§SVV¦¯UbÄS¡rS¥3
ºe¤º¦¯a­ ½ ¢cmÃZ¡Á¥U¦3!e¥¦¯S¤+¤/ªcD§Sr¦¯U»UD¦U¦bbmÃZªV§S¤V¦¯r¢¡bÁ bD¦3 bV§S¦¦¯
¢¡/ bD/ªcD§SVV¦¯U"e¥3V¢e¥3bHSS§S¥3 VS¥U§b¦D/e¥3ba­#6D¥U§H¢¡/b bD¦3DSªcb Va³c¢^OSZ¦¯S«b/j ¤© b
ªU§DªcªU¢¤¥3¡V¥U§¹¢¤© D§S¤S«UbtªJD¥U§t¢¡ a¢¡ V¥U¢V/ª3S°Æ§bV¢
U bD§Sª3¹m¾D§S¨U¢¡ba³D¥Uº V¦¯¹V¦*§bSªcb Vr¦¯
UO¦UV§MªUªU§Z «by¢¡b¹¢¡D¡/UO¢^MªU«eZSe¥3­%$Á¦3y bD¦C·§D¦erS¡D¦8V¦¯S§² bb/UV¥CÃÅUD¤¦3bb¹UD¦3 
¦b bbp¤§­
& ¦3 bVÁ§SS¡ V¢¡³U¦3D¥3vªDrD¦3oV¦M§VºZ¥3H¢¡boC¶É'V§V¦¯boZV¢¤¡rS¡D¦3ÁUHS¡S¥3ÄD¥3¥US¤¢¤¡bbV¦MS¶°
t¥U¢^S¡D¦ObC¡ a¢¡»V¦3D¥3v¦¢¤CD¦3#¢¡b
C¶¿ V¥U¢¤b
ªJD¥U§
 bD¨U¤¦3V§Ä¢¡b@eV¢¡b@¡S¥3@Uo¢^H¨U¡Db a¦Ue¥3
aº b Á¢¡bÄ¢¤© D§S¤S«UbÄ¡S¥3
UÁ¢^SZ¦¯S«brj ¤© ba­(#¢¤¥3@ªU§b V¡)VV¦¯a³UC¶É'V§V¦¯bÄ§VªU§bV¦erS¡D¦3vUS¡È°
S¥3D¥3£rD¦¯£ bD/ª§bb#V¦±¾D¦3 VS¡D¦±U
¢¡V¥U§£ªcV§È¼D§S¦3 bÄªcD¥U§¢¡Ä a¢¡ V¥U¢UV/ª3È°Æ§bV¢3U
¢¡V¥U§m¾D§SS¡D¦l³
¢^/¤¥U¢^S¡D¦,UHb bD¥UªcbVv¢^S¤¥U¢^S¡D¦C¥²§VD¥U§ÁjmÉjD§Sa­
* Ð  Î +   hm\^KOwcÓfXeTm\f]CR*icLYbGc\^WmwcWpgC\^LZdlKM]ÂicIÓfLhtiJkÔÆ]CWpK,XecÓfLhdlkÓ^kKMLR3TmhÕcRc\fhdl\fKXZgCLWm\^LKkic\^YDXZÓ^L
 
	 Ù@×  ÙSÝ  Ý   ÙÈÙSÚ 	    ! 	"#$ ÛÁÚ % Ý  N
& ' (M#	$*(
(¹wcWp\fRcgTVGcLHucXZhpToÕ*)ZLÒZLDXZWphd3TVGcLWmLGjXZho´LLR,gCWm],+\^Rcg\fRUTmLWmLhpTÁ\fRMTVGJLKMLic\fYXZÓ´XZRciMY]ZKuJwJTVLWÁhpY\^LRcYL
ÕjLÓ^idXZWp]CwcRci TmGcL9hm\^KOwJÓ·XeTm\f]ZR ]eÔtKMLic\fYXZÓ»uJWm]YLiJwcWmLh-/.tRcicLWyTVGcL,TVLWpKM\fRc]ZÓf]CgeÒ ucWp]CuA]ZhmLi UÒ JX¯`
TbX0)eX21èJX¯TbC~43îdTmGcL²ÕjWmhrTgCLRcLWVXeTm\f]ZR ]eÔÁKMLic\fYXZÓvhm\^KOwJÓ·XeTm]CWmhXZuJucÓf\^Li8TVGJL²Y]CRcYLuJT]ZÔRjX0)\^gUXeTV\^]CR XZRci
\fKMKMLWphm\^]CR Tm]8TmWm\^ic\^KLRchm\^]CRjXeÓ¹XZRcXeTV]CKM\^YDXZÓHicXeTbXZhpLTmh- FHGc]ChmLTVLYbGcRc\53wcLhd´]CWpWm],+»Li ÔÆWp]CK 687:9;
<>=$?
@BA=$?7:;
C¯dl]CRcÓ¡ÒY]CRchp\fiJLWmLi_TVGJLgCL]CKMLTmWm\^YDXZÓ£RjX¯TVwcWpL]ZÔ@TVGcLG3wcKXZR ´]iJÒ-D(¹Lhpuc\¡TVLTmGcL\^WÓf\^KM\^TmLi_wJhmLW
\fRUTmLWVXeYTV\^]CRd@TVGc]ChpL,hp\fKwcÓfXeTV]CWphÔÆ]CwJRci KXZRUÒ \fRUTmLWmLhpTm\fRcg XZucucÓ^\fYXeTV\^]CRch\fR TVGcLMÕjLÓfi ]eÔ+LiJwcYDXeTm\f]ZR ]CW
TVWmXZ\fRJ\fRcg>-
FHGJL»hmLY]CRJi²gCLRcLWVXeTm\f]ZRy]ZÔjhp\fKwcÓ·X¯TV]CWphÄXZ\^KMhÄXeT@KM]ÂicLÓf\^Rcg¹TmGcL»uJG3Òhp\fYXZÓc\^R3TmLWmXZYTm\f]CRO]ZÔjLDXeYbG²XZRjXeTm]e`
KM\fYXZÓchpTmWmwcY[TVwcWpL$-Ej]CW@]ChmhpL]CwchvhrTVWpwcYTmwcWmLhd3TVGc]ChpL+hm\^KOwJÓ·XeTm]CWmhoKM]icLÓTVGcLHY]CwcucÓ^\fRJg/AL[TF+»LLRHG3\^RcLKXeTm\fY
Y]CRJhpTVWmXZ\^R3TmhXZRciKwchmYÓfL²icL[ÔÆ]CWmKXeTm\f]ZRI1J(LK#U|43M-NEj]CWthm]ZÔ¾T¹TV\^hmhmwJLZd£\¡T±\^h±RcLYLhphVXZWrÒ TV]9KM]icLÓTVGcL\fW¹icL[`
ÔÆ]CWmKXZJ\fÓ^\^TSÒwJRcicLWHTmGcL\fR>OcwcLRcYL]eÔ
RcL\fgZG´]CWp\fRcghpTmWmwcY[TVwcWpLh]CWhmwcWpgC\^YDXZÓ£\^RchpTmWmwcKMLR3Tmh-
First Generation
Medical Simulator
Medical Simulator
Third Generation
Second Generation
Pathology
Volume
Surface
Shape
Liquid/Solid
Forces
Temperature
Medical Simulator
Deformation
Anatomy
Blood Cells Brain
Liver Cells
Kinematics
Morphology
Physiology
Physics
E
\^gCwcWpLMPvFHGcLic\RQ6LWmLRUTtgCLRJLWVX¯TV\^]CRch]ZÔ@KLic\^YDXZÓ#hm\^KOwJÓ·XeTm]CWmhS-
FHGJLTmGc\fWpiygCLRcLWmXeTV\^]CRO]eÔchm\^KOwJÓ·XeTm]CWmhTbX$GeLh@\fRUTV]±XZYY]CwcRUT@TmGcLÁÔÆwJRcYTm\f]CRcXZÓ3RjXeTVwJWmL]ZÔcG3wcKXZRy]ZWmgUXZRJh-
E
\^gCwcWmL²/hpGc],+hGc],+ TmGcL±ic\RQ6LWmLR3TÓ^LS)ZLÓ^h]eÔ@hp\fKwcÓfXeTV\^]CRUT<XZRjX¯TV]CKÒCdcucGUÒhm\^Yh]CW»ucGUÒÂhp\f]ZÓf]CgeÒ*V+\^RUTVLWmXZYT
+\^TmG LXZYbG ]ZTmGcLW 1X(LY!Z\[+U|3
-]Ej]CW%\^RchrTbXZRcYLZd/YwJTmTm\fRcg X^)CLhphmLÓ_T>uJG3Òhp\fYXZÓucGcLRJ]CKMLRc]CR`V*GjXZh*XZR
\fRaOjwcLRJYL]ZR TmGcLMcÓf]]iucWpLhphmwcWpLXZRJi TmGcLWpLÔÆ]CWpLTmGcL²ÔÆwcRcYTm\f]ZR]ZÔ»]ZTVGJLW]CWmgCXZRch-cb±R8TVGcLY]CRUTmWVXZWrÒCd
TVGcL*icLd)CLÓ^]CucKMLR3T9]ZÔ¹TmwcKM]CWm]CwJh,Ó^Lhp\f]CRJheT>uJG3Òhp\f]CÓ^]CgC\^YDXeÓuJGcLRc]ZKLRc]CRfVMKM]Âic\¡ÕjLh,Ó^]ÂYXZÓ^Ó^Ò TmGcL*Tm\fhphmwcL
KMLYbGjXZRJ\fYXZÓ@uJWm]Cu´LWrTV\^Lh-
F]tXZYbGc\^LS)CL»hmwcYbG²Xei>)eXZRcYLiyhm\^KOwJÓ·XeTm\f]ZRchdC\¡T@\fhLhphmLRUTm\·XZÓTV]KM]ÂicLÓUTVGcLucGcLRc]CKMLRjXt]ÂYYwcWp\fRcg¹XeTTVGcL
gCL]ZKL[TVWp\fYXZÓ<dÂucGUÒhm\^YDXZÓ6XZRciuJG3Òhp\f]CÓ^]CgC\^YDXeÓAÓ^LS)ZLÓ^h-QÈÔTVGcLtN( WpLY]4)ZLWrÒ]ZÔ£XZRjXeTm]CKM\fYXZÓlhpTVWpwcYTmwcWmLhÁÔÆWp]CK
KMLic\^YDXZÓo\^KXZgCLh\^hXWpLÓfXeTV\R)CLÓ^Ò8KXeTmwcWmL²TmLYbGcRc]ZÓf]CgeÒCd@XÓ^]ZT]ZÔÁWmLhmLXZWmYbGLSQA]CWpTmh/\fhhpTm\fÓ^ÓvRcLLiÔÆ]ZW±TVGcL
ucGUÒhm\^YDXZÓAK]icLÓf\^RcgO]eÔG3wcKXZRTm\fhphmwcL-QSR,ujXZWrTV\^YwcÓfXZWd*g,hji;k;7lggd<`A mHhnAd?7:o#pCd`7qAqÄTVGJLtKM]icLÓ^\fRJgO]ZÔ6hm]ZÔ¾T
TV\^hmhpwcL/KMLYbGjXZRJ\fYhtXeRci%icLÔÆ]ZWmKXeTV\^]CRdÂGjXZhÁALLR\fiJLRUTV\¡ÕjLi*XZh+XrGZL[ÒTVLYbGcRc]CÓ^]CgZÒ,ÔÆ]CWoTVGcL±iJLS)CLÓf]ZucKMLRUT
]ZÔHTVGJLhmLY]CRJi XZRciTmGc\^Wmi gCLRcLWmXeTV\^]CRchO]ZÔHKMLic\^YDXeÓ»hm\^KOwJÓ·XeTm]CWmhs1èÂLYDC~3M-_Â\^RcYLTmGcLG3wcKXZR ´]iJÒ \fh
!ñutdvwxSy
     rÝfÝ:
KXZ\fRJÓ^ÒKXZicLwcu]ZÔJhp]ZÔ¾T#TV\^hmhpwcLZdZTmGcLoKMLic\^YDXZÓY]ZRchmLS5wJLRcYL+]ZÔÂhm]ZÔ¾TTV\^hmhpwcLÁKM]icLÓ^\^Rcg¹\^h8)CLWrÒ\fKMu´]CWpTVXZRUTDd
WVXZRJgC\fRJg9ÔÆWm]CK!RcLwJWm]ChpwcWmgCLWpÒZduJÓ·XZhrTV\^Y²hmwcWpgCLWrÒCd£KwchmYwcÓf]ZhGZLÓfL[TbXZÓhmwJWmgCLWpÒCd£GJLDXZWrThmwcWpgCLWrÒCd#XZ´ic]CKM\^RjXZÓ
hmwcWpgCLWrÒCdlKM\fRJ\fKXZÓ^Ó^ÒU`È\fR )eXZhm\R)CLhmwcWpgCLWrÒ
Ej]CW+XgC\R)CLR_hpwcWmgC\^YDXeÓ£hm\^KOwcÓfXeTV\^]CRdlhp]ZÔ¾THTV\^hmhpwcLsnA i0h9m =$;7Mho2=
		d<9=
	dCXeRci	hm<a;M=$;
7Mhoe;7:mHA+XZWmL
TVGcL,TF+»]KXZ\^R Y]ZRchpTmWVXZ\^RUTVhyÔÆ]CWTVGcLK]icLÓf\^Rcg]ZÔHhp]ZÔ¾TOTm\fhphmwcL- LGjX0)CL9hpwcKMK,XeWm\Li TmGcL9ic\RQ6LWmLR3T
TSÒuALh+]ZÔ£XeucucÓ^\fYXeTV\^]CRch»XZYY]CWmic\^RcgTV]TmGc]ChpLTF+Á]yYWp\^TmLWp\·Xc1èÂLYDC~$3´\^R,ÕjgZwcWmL¹a-	d7MAdo`;7 	 =$o=$?C4gd7lgvXZ\^Kh
XeTu)ZXeÓf\^ijXeTm\fRcgOucGUÒÂhp\fYXZÓ6GUÒu´]ZTVGcLhm\^h+]ZÔ£hp]ZÔ¾T»Tm\fhphmwcLtÔÆ]CWTmGcLicLhp\fgCR%]eÔ£RcLS+ uJWm]YLiJwcWmLh+]CW\fKMucÓfXZRUTVhS-QSR
hmwcYbGÅYDXZhpLhdcTVGcLXZYYwcWmXZYÒ9]ZÔ
iJLÔÆ]CWpK,X¯TV\^]CR%\fhHÔ>XZW»K]ZWmL/\^Ku´]CWrTbXZRUTHTVGcXZR%TVGcL/Y]CKMucwJTbX¯TV\^]CR%TV\^KL-Db/R
TVGcL]ZTVGJLW¹GcXZRcid8gd<a9paAd9C?=$o`o`7:o#pÔÆ]CW¹ucWpLic\^YTm\fRJgTVGcL]CwJTmY]CKMLO]eÔvhmwcWpgCLWrÒ_]ZWtWpLGcLXZWmhp\fRcg%Y]CKMucÓ^L
]Cu´LWVX¯TV\^]CRchd£WpL53wc\^WmLhÓ^LhphY]CKMucwJTVXeTV\^]CRTV\^KML TÆÔÆWp]CK NZ}Zh±TV]%]CRJLyGc]CwcW V¹hm\^RcYLMhpLS)CLWVXZÓÄTmWm\fXZÓ^h/K,XDÒ_AL
RcLYLhphVXZWrÒ- ElwJWpTVGJLWmKM]CWpLZd\¡T±\^h±LhmhmLRUTV\fXZÓÄTV]9Ld)eXZÓfwcXeTVLy]eÔvTVGcL²XeYYwJWVXZY[Ò_]ZÔvTmGcLyKMLTmGc]i - E
\^RjXZÓ^Ó^ÒZd6ÔÆ]CW
gd<a9paAd9C9 h	An$<9 A ;
9 =$7:o`7:o#pY]CKMucwJTVXeTV\^]CRTV\^KL]ZÔATVGcL]CWpicLWo]ZÔ6}>-^DhXZWmLWpL53wc\^WmLiTV]XZYbGc\^LS)ZL¹hmKM]]ZTVG
wchmLWt\^RUTVLWVXZY[TV\^]CR +GJLWmLXZhtXZYYwcWVXZY[Ò]ZÔ@icLÔÆ]CWpKXeTV\^]CR\fhRc]eTt]eÔ
ucWp\fKXZWrÒ%\^Ku´]CWrTbXZRcYL$-
0.1s
Surgery
Planning
1mn 1h
Scientific
Time
Analysis
Training
Surgery Procedure
Accuracy of 
deformation
Computation 
E
\fgZwcWmLaPoFHGcL/Tm\fKMLeXZYYwcWVXZY[ÒWmLS5wJ\fWpLKMLRUTVht]ZÔÄhp]ZÔ¾THTV\^hmhpwcLK]icLÓf\^Rcg*-
QSR TVGc\^h9ujXeuALWd +ÁL_ÕjWphpT9hrTVwciÂÒ TmGcL_iJ\QALWpLRUT%YWp\^TmLWp\·XÔÆ]ZW,\^KMucÓfLKMLRUTV\^Rcg XhpwcWmgZ\fYXZÓthp\fKwcÓfXeTV]CW
\fR )Z]CÓ)\^Rcg hp]ZÔ¾T,Tm\fhphmwcL*icL[ÔÆ]CWmKXeTm\f]CRJh-LTVGcLR LS)eXZÓ^wjXeTmL*TmGcLLÂ\^hpTV\^Rcg KM]icLÓ^h]ZÔ±hp]ZÔ¾TMTV\^hmhmwJL XZRci
XZRjXZÓ¡Ò
LTVGcL]CJhpTbXeYÓ^LhTV]XZYbGc\^LS)\^RcgWpLDXZÓ^\fhrTV\^Yhm]ZÔ¾TTV\^hmhpwcLK]icLÓfhS-
  O(#@(M e  ! "##$ & 	(%)
 L8ucWpLhpLRUTÅTmGcLKXZ\^R TmLYbGcRc\^YDXeÓ/ic\!YwcÓ^Tm\fLh*ÔÆ]ZW%icLhp\fgCRJ\fRcg X WmLXZÓf\^hpTm\fY8KMLiJ\fYXZÓ/hm\^KOwcÓfXeTm]CW-FHGcL
TVLYbGcRc]CÓ^]CgC\^LhLRjXecÓf\^RcgXZRM]Cu´LWVX¯TV\^]CRjXZÓchpwcWmgZ\fYXZÓjhm\^KOwcÓfXeTm]CWoRcLLi,TV]hp]CÓ)ZLHTV]hm]CKMLLTmLRUT+XeÓfÓj]ZÔlTmGc]ChmL
ucWm]ZcÓfLKMh-oFHGcL¹iJ\!YwJÓ^Tm\fLhXZhmhp]ÂY\·XeTmLiH+\¡TVGLDXZYbG9Y]CRchrTVWVXe\fRUTHXeWmL¹RJ]ZT»RJLYLhmhmXZWm\^Ó^Ò]ZÔTmGcL¹hmXZKML¹]CWpicLW
]ZÔ@K,XegCRc\¡TVwcicLed´XZRci_+»Lic\^hmYwchmht\fRhmLYTm\f]CR   TVGcLu´]Chmhp\fcÓ^LY]CKMucWp]CKM\fhpLh-
#"	 
 
	 Ù@×  ÙSÝ  Ý   ÙÈÙSÚ 	    ! 	"#$ ÛÁÚ % Ý  |
  	
	
FHGcL/]C )\f]Zwch+Y]ZRchpTmWVXZ\^RUT+ÔÆ]CW»hp]ZÔ¾T+Tm\fhphmwcL/KM]icLÓ^\fRJgy\fhÁTVGjXeT»\^T+Y]CWpWmLY[TVÓ¡ÒWpLucWpLhpLRUTVhHTVGJL±icLÔÆ]ZWmKXZc\^Óf\¡TSÒ
]ZÔWmLXZÓoTV\^hmhmwJL$-WZÅ]CWpL9ucWpLY\^hmLÓ^ÒZd+»L9RJLLi Tm] Y]ZR3TmWm]CÓTVGcLXZYYwcWVXeYÒ]ZÔicLÔÆ]ZWmKXeTV\^]CR XeRci TVGcLWmL[ÔÆ]CWmL
Y]CKMujXeWmLvTVGcLvY]CKMucwJTmLihm]ZÔ¾T£Tm\fhphmwcLoKM]ÂiJLÓ$+\¡TVGTVGcLoXeYTVwcXZÓfÓ¡Ò±iJLÔÆ]CWpKLiTm\fhphmwcL-
FHGcLoÓ^LS)ZLÓ3]ZÔÂXZYYwcWVXeYÒ
TSÒuc\fYXZÓ^Ó^Ò icLuALRcich]ZR TmGcL_XeucucÓ^\fYXeTV\^]CR - Ej]CWMhmwcWpgCLWrÒ TVWVXe\fRc\^Rcg8ÔÆ]CW²\^RchpTVXZRcYLedHWmLXZÓf\^hpTm\fY )\fhpwjXZÓXZRci
GjXZuJTm\fYic\^hmucÓfXDÒ*\fhKM]CWmL\^Ku´]CWrTbXZRUTTVGjXeRÅTVGJLXeYYwJWVXZY[ÒÅ]eÔ
icL[ÔÆ]CWmKXeTm\f]ZR -]4+ÁLS)ZLWd6\¡Ô
TVGJLiJ\QALWpLRcYL
]ZÔ´LGjX0)\f]ZW%\fhTm]Â] gCWmLXeT9wcRJicLW9ÓfXZWpgCL icL[ÔÆ]CWmKXeTm\f]CRJhd\^TY]CwJÓfi WmLhmwcÓ¡T%\^R ÓfLXZWmRJ\fRcg \^RjXZuJucWm]CuJWm\fXeTVL
ucWm]YLicwcWpLh-
QSRXeÓfÓYXZhmLhdj\¡TH\^h )Â\¡TbXeÓ6TV]²GjX0)ZLN5wcXZRUTV\¡TbXeTm\)ZL!G3Rc],+Ó^LicgZL]eÔTmGcL/c\^]CKMLYbGjXeRc\fYXZÓ£´LGjX0)\f]ZWH]ZÔhm]ZÔ¾T
TV\^hmhpwcL$- Lyic\^hpTV\^RcgCwJ\fhpG ´LTF+ÁLLR2GRJ]4+Ó^LiJgCL²]ZÔohm]eÔ¾T±TV\^hmhpwcLyicL[ÔÆ]CWmKXZcÓ^LyucWp]Cu´LWpTm\fLhXZRci\G3Rc],+Ó^LicgZL
]ZÔ@\fRUTVLWVXZY[TV\^]CR +\¡TVG*hmwJWmWm]ZwcRcic\^RcgMTV\^hmhmwJLh-
FHGJLyhpTmwciJÒÅ]ZÔvhm]eÔ¾T¹TV\^hmhpwcL²icL[ÔÆ]CWmKXZc\^Ó^\^TSÒÅALÓf]ZRcgCh¹Tm],TVGJLOÕjLÓ^i]ZÔvJ\f]CKMLYbGjXZRc\^YhS-/FHGcLWpL²LÂ\fhrTVh/X
Ó·XeWmgCL²c\^cÓ^\f]ZgCWVXZuJG3Ò ]CR TVGcLMhrTVwciJÒ ]ZÔhm]ZÔ¾T/Tm\fhphmwcLMicL[ÔÆ]CWmKXeTm\f]CR 1XEjwcRjCN43M-FHGc]ChmLMhrTVwcic\^LhWVXeRcgCLOÔÆWp]CK
TVGcLicL[TVLWmKM\fRcXeTV\^]CR_]eÔ 53wjXZÓ^\¡TbXeTm\)ZL´LGjX0)\^]CWt]eÔ@Tm\fhphmwcLhTm]TmGcLWmLY],)CLWrÒ*]ZÔ 53wjXeR3Tm\^TVXeTV\R)CLujXZWmXZKMLTmLWmh
gC],)CLWmRc\^RcgTVGcL\fW±iJLÔÆ]CWpK,X¯TV\^]CR -FHGcLyTV\^hmhpwcLh/TVGcXeT/GjX0)CL²´LLR8K,Xe\fRcÓ¡Ò hrTVwciJ\fLi\^RcYÓ^wcicL²h G3\fR 1JK#XZWmC~3<d
)CLhmhmLÓfh 1JEjwcRjZN3<djKOwchpYÓ^Lhd´cWmXZ\fR/1J[ Z_C~3XZRJi*GJLDXZWrTr1±ÂC3
-
ZÅXZRUÒ,KXeTmGcLKXeTm\fYXZÓ´K]icLÓfh+]eÔ£hm]ZÔ¾TTV\^hmhpwcL±icL[ÔÆ]CWmKXeTm\f]ZRch»GjX0)ZL±ALLR9uJWm]Cu´]ChmLie1XElwJRjCN3<dcXeRci9XZR
LTVLRchm\R)CL%iJLhmYWm\^uJTV\^]CRU+Á]CwcÓ^i Ô>XZÓ^Óv]CwJTmhm\^icL,TmGcLhmY]ZuAL,]ZÔ»TmGc\fhujXZu´LWS- t],+ÁLS)CLWdk+ÁL,JWm\^LSOcÒ ucWpLhmLRUT
TVGcLhp\fKMucÓ^\^ÕcLi KM]icLÓ^hHTVGjXeTXeWmLY]CKMKM]CRcÓ¡ÒLRJY]CwcRUTmLWmLiÅÔÆ]CWHhpwcWmgZLWpÒhp\fKwcÓfXeTV\^]CR*ucwcWmu´]ChpLh-
Load
Plate
τ
L
Tissue
H
! å#" !%$ " !'& "
!'( " ! ë)"
E
\fgZwcWmLN>P+*ÁLGjX0)\f]ZWt]ZÔ@Ó^\fRcLXZWLÓfXZhpTm\fYKXeTmLWm\fXZÓ^h-
!ñutdvwxSy
~    rÝfÝ:
FHGJL/hm\^KuJÓfLhpTKM]ÂiJLÓ]ZÔ#hrTbXeTm\fY¹WmLS)ZLWphm\^cÓfLLÓfXZhrTV\^Y/icLÔÆ]CWpKXeTV\^]CR%Y]ZWmWmLhmu´]CRcich+Tm]yTVGcLr?7:o A=$9 Ad?=gd;
7 	
KM]ÂicLÓ
- HYY]CWpic\fRJgMTm]yTVGc\^hHKM]ÂiJLÓ>djXyYÒÓ^\fRciJWm\^YDXZÓTm\fhphmwcL/hmXZKMucÓfL]ZÔ#GJL\^gCGUT XZRciic\fXZKMLTVLW wJRcicLW
XÓ^]UXZiUT>hpLLÕjgCwcWpL N VÁÔÆ]ZÓfÓ^],+h]Â]$GZL	 hÓ·X0+ P


 
 


 

 
 
 Tr4V
+GcLWpLcP
 
 XZRci 
 WpLucWpLhpLRUT»TmGcLÓf]CRJgC\^Tmwcic\^RjXZÓlXZRJiTmWVXZRch )CLWmhmLLÓ^]CRcgCXeTV\^]CR]ZÔATmGcLHTV\^hmhpwcL¹wcRJicLWvTVGJLÓ^]UXZi
 -
 XZRci  XZWmL±TmGcL]CwcRJgKM]icwcÓ^wchXZRci%TVGJLn]C\^hmhm]ZRÅY]ÂL!,Y\fLRUTtTmGjXeTYbGjXZWmXZYTmLWp\ LTmGcLRjXeTmwcWmL]ZÔTVGcLKXeTmLWm\fXZÓ-
FHGcLWpLÔÆ]CWpL%XÅÓ^\^RcLDXZWLÓfXZhpTm\fYK,X¯TVLWp\·XeÓÁGjXehyXÅÓ^\^RcLDXZW gd;
9 Agg`gd;9 =$7:oWmLÓfXeTm\f]CRJhmGc\^u XZRciTVGcLTVWVX qrLYTm]CWm\^Lh
]ZÔHucGUÒhm\^YDXeÓ»u´]C\fRUTmhOwcRciJLWyX*Óf]CXZi ]ZÔ )ZXeWpÒ\fRJg \fRUTmLRchp\^TSÒ XZWmL,hpTmWVXZ\^gCGUTOÓ^\^RcLhS- *»LYDXZwJhmL9]ZÔ»TVGc\^hOÓ^\fRJLDXZW
WmLÓ·XeTm\f]ZRchmGc\^udcÓ^\^RcLDXZWLÓfXZhrTV\^Y±KXeTVLWm\fXZÓfhÁGjX0)CL±´LLR9wchpLi9ÔÆ]CWoÔ>XZhpT»hmwcWpgCLWrÒhm\^KOwcÓfXeTV\^]CR21*¹C|Âda[ ( ¹C~cd
nozUd`YsZ~3M-
Ej]CWK]ZhpT*KXeTVLWm\fXZÓfhdtTmGcL8Óf\^RcLDXeW*LÓ·XehpTV\^Y8KM]ÂicLÓ/\fh%]ZRcÓ^Ò )ZXeÓf\^i ÔÆ]ZW9hmKXZÓ^Ó/ic\^hmucÓfXZYLKMLRUTVhS- Ej]CW
Ó·XeWmgCLMic\^hmucÓfXZYLKMLRUTVhdÄKM]CWmLY]ZKuJÓfL  Rc]CRÂ`ÈÓf\^RcLDXeWKM]icLÓ^hGjX0)CLALLR ALLR \^RUTVWp]ÂicwJYLihmwcYbG XZh/TVGcL
ZÅ]]CRcLÒU`Sz\R)Óf\^R²KM]ÂicLÓ1 *tC~JdZ * Z t   3]CW#TVGcL+T0- oLRjXeR3TkY/\fWpYbGc]$Q 1 FBEÄZZd *¹C|ÂdYXe\·C~43a+GJLWmL
TVGcLhpTmWmLhmh¯hpTVWmXZ\^R ]CWhpTmWmLhpheiJ\fhpucÓ·XeYLKMLR3TWpLÓfXeTV\^]CRchpGc\^uch±XZWpLRc],Ó^]CRcgZLWÓf\^RcLXZW-! Hicic\¡TV\^]CRjXZÓ#ucGUÒhm\^YDXZÓ
Y]CRJhpTVWmXZ\^R3TmhtKXDÒ%´LY]CRchp\fiJLWmLid´hmwcYbG_XZhH\fRJY]CKMucWpLhmhp\fJ\fÓ^\^TSÒ$-
EjwcWrTVGcLWmKM]CWpLZdÔÆ]CWKXZRUÒ±Tm\fhphmwcLhdZuJÓ·XZhrTV\^YoicLÔÆ]CWpKXeTV\^]CRchd+GcLWmLvTVGJLvhpTVWmXZ\^RiJ]ÂLh£Rc]ZT#WmLd)CLWmhmLoTV] LWm]
XeÔ¾TVLW±wcRcÓ^]UXZiJ\fRcgeT>hmLLyÕjgCwcWpL   T<XVV[dA]ÂYYwcW +GcLRTmGcLyKXeTVLWm\fXZÓ
WpLDXZYbGJLh/\¡TVh±LÓ·XZhrTV\^Y²Óf\^KM\^T-Â\^K\^ÓfXZWmÓ¡ÒCd
TVGcLKXeTmLWm\fXZÓ£KXDÒ%GjX0)CLX²Rc]CRÂ`ÈWmLd)CLWphm\^cÓ^LOLÓfXZhrTV\^Y´LGjX0)\^]CW T>hmLL/ÕjgCwcWpL   T>`VVd-
ε
A
τ
A
ε
1
τ
A
B
R
ε
! å#"
R
ε
τ
!'$ "
E
\^gCwcWmL   PoTmWmLhmh¯hpTVWmXZ\^R*WpLÓfXeTV\^]CRchpGc\^uch+ÔÆ]CWucÓ·XehpTV\^Y±KXeTmLWm\fXZÓ T<X VXZRci9GUÒhpTmLWpLhm\^hLÓfXZhpTm\fY±KXeTmLWp\·XZÓ T>`Vd-
FHGJLhrTVWmLhmh ehpTmWVXZ\^R WmLÓ·X¯TV\^]CRchmGJ\fu YbGcXZWVXZY[TVLWm\LhTVGcLhpTVXeTV\^YALGjX0)Â\^]CWph¹]ZÔÄXKXeTmLWm\fXZÓ-t],+ÁLS)ZLWdA\fR
gCLRJLWVXeÓ<dTVGcLthpTVWpLhph!9\^h+XeÓfhp]OWmLÓ·X¯TVLi,TV]TmGcL¹hpuALLi%]ZÔ6icLÔÆ]ZWmKXeTV\^]CR#"
 TÆTmGcL!gd;9 =$7:o 9 =$;FAVXZRJiTVGcLWmL[ÔÆ]CWmL
TV\^hmhpwcL KXeTmLWm\fXZÓ/YXZR ´L8Y]CRJhm\^icLWpLi%$,7lg	h< gd- FHGc\fh*\^KuJÓf\^Lh*TVGjXeTTmGcL8icLÔÆ]CWpKXeTV\^]CR ]ZÔ²X )\fhpY]CwJh
KXeTVLWm\fXZÓÂiJLu´LRcich
]CROTVGJL»Gc\^hpTm]CWpÒ]ZÔcTmGcL+XeucucÓ^\fLiyÔÆ]CWmYLhÄXeRciyRc]ZT@]CRcÓ¡Ò]CROTmGcL\^W
\^RchpTVXZRUTbXZRJL]Cwch)ZXeÓfwcLh-
#"	 
 
	 Ù@×  ÙSÝ  Ý   ÙÈÙSÚ 	    ! 	"#$ ÛÁÚ % Ý   
FHGcL²hm\^KMucÓ^LhpTN)\^hmY]Cwch/KXeTVLWm\fXZÓ\fh¹TmGcL!A;jho`7=$os)\^hmY]CwchLOjwc\^id +GJLWmLTVGcLyhrTVWpLhmh/\^h±ucWp]Cu´]CWpTm\f]CRcXZÓ
TV]MTVGcLhrTVWVXe\fRWVX¯TVLcT<s53wjXeTm\f]CR*]ZÔ tLd+HTV]CRfVLP
  "
 TîV
Z*]ChpTMhp]ZÔ¾T²TV\^hmhpwcLhXZWpL $,7lg	h,Ad?=gd;
7 	[dvY]CKOc\^Rc\^Rcg LÓfXZhpTm\fYXZRJiI)\^hmY]CwchALGjX0)Â\^]CWph-^Ej]CWy\^RchrTbXZRcYLZd
TVGcLNZ_X +»LÓfÓ¤` o]Z\fgZTD)\fhpY]LÓfXZhpTm\fY/KM]icLÓAXZhmhp]ÂY\·X¯TVLh»Óf\^RcLDXeW»LÓfXZhrTV\^Y\¡TSÒc+\¡TVG%Y]CRchpTVXZRUT )\^hmY]Zhm\¡TSÒ-FHGc]ChmL
KXeTVLWm\fXZÓfhXZWpL/YbGjXZWmXZYTmLWm\Li_UÒTmGcL\^W 	d9 AA 9XeRci29Ad?=#=$;7Mho²ÔÆwcRcY[TV\^]CRch]ÂYYwcWp\fRJg +GJLRÅTmGcL/KXeTVLWm\fXZÓ
\fh»hmwcÂqrLYTmLi%TV]²XY]CRJhpTbXeR3T+Óf]UXei9]CWicLÔÆ]CWpKXeTV\^]CR2TÆhmLLtÕjgCwcWpL/| V-E
\fRcXZÓfÓ¡ÒCdKXZRUÒ9XeRjXeTV]ZK\^YDXeÓ´Tm\fhphmwcLh
YDXZR ´LY]CRchp\ficLWmLi XZhc\^ucGjXZhp\fYed +GJLWmLMTVGJLMTm\fhphmwcL\^hX%KM\ ÂTmwcWmL]ZÔ»X%hm]CÓ^\fi u´]CWm]CwJhKXeTmWm\  XZRci XZR
\fRJY]CKMucWpLhmhp\fJÓfLrOcwc\fi -
0
τ
0
τ
tT
ε
tT
0
Creep
E
\^gCwcWpLO|P(¹LÔÆ]CWpKXeTV\^]CR*WmLhpuA]ZRchmL]ZÔÄXMÓ^\^RcLDXZW )\^hmY]LÓfXZhrTV\^YKXeTmLWm\fXZÓ£wcRJicLWÓ^]UXZic\^RcgXZRci*wcRcÓ^]UXZic\^Rcg
    	 
   
   
  	  
  
FHGcL¹\^RUTVLWVXZY[TV\^]CR9´LTF+ÁLLRXhm]eÔ¾TÁTm\fhphmwcL¹XZRcihpwcWmWp]CwcRciJ\fRcgOA]ic\^Lh T>hmwJWmgC\^YDXZÓ´\^RchpTmWmwcKMLRUTmhdc´]CRcLhdhm]ZÔ¾T
TV\^hmhpwcLZd- -%V YDXZR_ALicLY]CKMuA]ChpLi\^RUTV]TF+Á]%ic\RQ6LWmLRUT±TVXZhG3h PHY]CÓ^Óf\^hm\^]CRicL[TVLY[TV\^]CR8XZRci_Y]CKMucwJTVXeTV\^]CR]ZÔ
\fRUTmLWVXeYTV\^]CR ÔÆ]CWmYLhcT>]CW/iJ\fhpucÓ·XeYLKMLR3TmhV-sZ_XeR3Ò XeÓfgC]ZWm\¡TVGcKMhGjX0)CLM´LLR ucWp]CuA]ZhmLi8ÔÆ]CW/icL[TVLYTV\^Rcg*TVGcL
Y]CÓ^Ó^\fhp\f]CR ´LTF+ÁLLR X_KM]4)\^Rcg u´]C\^R3TO]CÂqrLYTMXZRJi X_hpTVXeTV\^YKMLhmG - FHGJLÒ XZWmL,hmw !Y\^LRUTmÓ^Ò L!Y\^LRUTyTV]
hmwchrTbXZ\^RX/NC} +WmL[ÔÆWmLhpGMWVXeTmL +\^TmG²KMLhmGJLho]ZÔ´WmLXZhm]CRcXZcÓ^LHhm\L!TA´LTF+ÁLLRÅ}¹}C}C}tTm]   }±}C}C}±u´]CÓ¡ÒgC]CRch Vd-
],+»Ld)CLWd¹\^R hmwcWpgC\^YDXZÓ±hp\fKwcÓfXeTV\^]CRdTVGc]ZhmL8XZÓ^gC]CWp\^TmGcKMh%XZWmL_Rc]ZTXZuJucÓf\^YDXecÓfL´LYXZwchpLhm]ZÔ¾T9Tm\fhphmwcL
KM]ÂicLÓfhOYDXZRcRJ]ZT²´LY]ZRchm\^icLWpLi XZhhpTbX¯TV\^Y9hm\^RcYLhmLS)ZLWmXZÓ+hmwJWmgC\^YDXZÓÁ\fRJhpTVWpwcKMLRUTM\^R3TmLWmXZYTMX¯TOTVGJLhVXeKL
TV\^KML$- EjwcWpTmGcLWpK]ZWmLZdjÔÆ]CWKXZRUÒ*hmwcWpgC\fYXZÓ#\fRJhpTVWpwcKMLRUTVhd6TVGJL\^RUTVLWmXZYTm\f]ZR +\^TmG_TV\^hmhpwcLORJ]ZT¹]ZRcÓ^Ò]YYwcWmh
XeT*TVGcL\fW*LTVWpLKM\¡TSÒCdcwJT_XZÓfhp] XZÓ^]CRcg TVGJL\^W_Ó^LRcgZTmG - FHGcLWmLÔÆ]ZWmLZd\¡T*\fhÅRcLYLhmhmXZWpÒ TV] Y]CRJhm\^icLW*TVGcL
hmwcWpgC\^YDXZÓ±\^RchrTVWmwJKLRUTVhÅXZh9Wm\^gC\^i K],)\^Rcg KLhmGcLh*XZRci hm]eÔ¾T%TV\^hmhmwJL8XZh%icLÔÆ]ZWmKXZcÓ^LKM]4)\^Rcg KMLhmGJLh-
 GcLR%iJLTVLYTm\fRcgyTmGcL±Y]CÓfÓ^\^hm\^]CR%AL[TF+»LLR%TF+Á]²K],)\^Rcg²]CÂqrLYTVhdcucWpL[`SY]CKMucwJTVXeTV\^]CR9\^h+Rc]ZT»uA]Zhmhm\^cÓ^L/XZRci
TVGcLY]CKMucwJTbX¯TV\^]CRjXZÓTm\fKMLWm\^hmLhthpGjXZWmuJÓ^Ò$-
 GJLR Y]CRchp\ficLWm\^Rcg_TmGcLMY]CÓ^Óf\^hm\^]CRchAL[TF+»LLR TF+Á]_iJLÔÆ]CWpK,XecÓfLKMLhpGcLhy]ZWTmGcLhmLÓ¡Ô¼`SY]CÓ^Óf\^hm\^]CRch]ZÔHX
icLÔÆ]ZWmKXZcÓ^LMKLhmGdTmGcL²Y]ZKuJwJTbXeTm\f]ZRjXZÓÄY]CKMucÓfL Â\^TSÒ8´LY]CKMLhucWm]ZGc\fJ\^Tm\)ZL +\¡TVG8YwcWmWpLRUTXZÓfgZ]CWm\¡TVGcKMh
ÔÆ]CWWmLDXeÓ¡`îTV\^KLucWp]ÂYLhmhp\fRJg*- ]4+ÁLS)ZLWd3XZÓ^TmLWpRjXeTV\R)CLÁhm]ZÔ¾TTV\^hmhpwcL»WpLucWpLhpLRUTbXeTm\f]ZRchÄhmwJYbG²XZh\fKMucÓ^\fY\^T
hmwcWrÔ>XZYL
KM]ÂicLÓf\^Rcg 1%[ (±   3îdj]$QALWphuA]Chphm\^cÓ^LWpLhmLXZWmYbGÅic\^WmLY[TV\^]CRchTV]M],)CLWmY]ZKLTVGJ]ChmLKX¯qr]CWÓ^\fKM\¡TbXeTm\f]CRJh-
b±RcYL X Y]CÓ^Óf\^hm\^]CR GjXeh´LLR iJLTVLYTmLidHTVGJL_hmLY]CRJi TbXZh G Y]CRchm\^hpTmh9]ZÔY]CKMucwJTV\^Rcg TmGcL_WpLhpwcÓ^Tm\fRJg
\fRUTmLWVXeYTV\^]CR8ÔÆ]CWmYLhS- oLWpÒ Óf\¡TmTmÓfLM\^h!G3Rc],+RXZ´]CwJT/TVGJLWpLDXZÓ
\fRUTVLWVXZY[TV\^]CR AL[TF+»LLRTm\fhphmwcLh-FHGcLMKXZ\fR
ic\ !,YwcÓ¡TSÒ\fh±TmGjXeTdwcRcÓ^\ GeLMK,X¯TVLWp\·XeÓ
YbGjXZWmXZYTmLWp\ XeTV\^]CRdTmGcL²LÂu´LWm\^KMLRUTVh]CR Tm\fhphmwcLM\^RUTVLWmXZYTm\f]ZR KwchpT
ALu´LWrÔÆ]CWmKMLiW7:o $,7 $ h-
!ñutdvwxSy
    rÝfÝ:
       
  
  
	
FHGcL²WmLXZÓ¤`ÈTV\^KMLyicL[ÔÆ]CWmKXeTm\f]CR]eÔohm]ZÔ¾T±Tm\fhphmwcL²\^h/XZR\^KMuA]ZWpTbXeR3T¹Y]CRJhpTVWmXZ\^R3T/ÔÆ]ZW¹KMLic\^YDXeÓ )\fWrTVwjXZÓ@WmLXZÓf\¡TSÒ
hpÒhpTmLKMh-QÈTÅGcXZhALLR YÓ^LDXZWpÓ^Ò LhpTbXecÓf\^hmGJLi TmGjXeTTVGcL8\^KMKLWmhp\f]CR ]ZÔTVGcL8]Cu´LWmXeTV]CWdtTmGcLWpLÔÆ]CWpL\¡TVh
XZc\^Óf\¡TSÒ_Tm]%ÓfLXZWmR ÔÆWp]CK!X9Y]CKMucwÂTVLW/hp\fKwcÓfXeTVLi hrÒhpTVLKd\^h±ic\^WmLYTmÓ^Ò_Óf\^R*GZLi Tm]TVGJLyjXZRcia+\fiJTmG8]ZÔoTVGcL
hm\^KOwcÓfXeTm]CW-  ¹R XZYYLuÂTbXZcÓ^LjXZRcia+\fiJTmG ÔÆ]CWr)\fhpwjXZÓ+iJ\fhpucÓ·XDÒ \^h²\^R TVGcL%WmXZRcgCL9]eÔ±e}¯`~C}  c+GJ\fÓ^L%TVGcL
XZYYLuJTVXZcÓ^LcXZRci>+\^iJTVGÔÆ]CWHGjXeuJTV\^Yic\fhpucÓfXÒ\^h]CR%TVGcLWmXZRcgCL/\¡ÔÄNZ}C}¯`bD}C}C}  T<NC}Z}  ±\^hHTVGcL/ÔÆWpLLGjXZRci
gCLhrTVwcWpL%ÔÆWmL53wcLRcYÒ>V- F +Á]8R3wcKO´LWphXZWpL9ujXZWrTV\^YwcÓfXZWpÓ^Ò \fKMu´]CWpTVXZRUT²ÔÆ]CW²XZYYwcWmXeTVL%u´LWpYLuÂTV\^]CR 3Ò TVGcL
wchmLW Pr?=$;FAdo 	dCyXZRci 	hm<;M=$;
7Mho/;
7:mHA -rK#XeTmLRcY[ÒKMLDXZhpwcWmLhTmGcLyTV\^KML²AL[TF+»LLR hmLRchm]CWXZYS53wc\fhp\^Tm\f]ZR
TÆÔÆ]CWo\^RchpTVXZRcYLtTVGJLtu´]Chm\¡TV\^]CR,]ZÔ6TmGcLthpwcWmgZ\fYXZÓl\fRchrTVWpwcKMLRUTVXZRci,XZYTm\f]CR\T )\^hmwjXZÓl]CWGjXZuÂTV\^Ytic\^hmuJÓ·XDÒ>Vd-vFHGcL
Y]CKMucwÂTbXeTm\f]CRTV\^KML\^h£TVGjX¯T@RJLLiJLiTm]twJuAijX¯TVLvTVGcLogCL]CKMLTmWm\^YÁKM]icLÓ-b±RKOwcÓ¡TV\¤`SuJWm]YLhphm]CW@Y]CKMucwÂTVLWphd
TVGc]ZhmLTF+»]R3wcKO´LWph¹XZWpLRc]ZTRcLYLhphVXZWp\fÓ¡Ò*Y]CWpWmLÓ·XeTmLi -
K#XeTmLRcY[Ò\^hYWm\¡TV\^YDXZÓÄÔÆ]ZW±TVGcLMwchpLW\fKMKMLWphm\^]CR -FHGcLMGjXZWmia+ XZWpL,Y]CRJÕjgZwcWVXeTm\f]ZR ]eÔÁTmGcLMhpÒhpTmLK YDXZR
gCWmLXeTVÓ¡Ò \^R>OjwcLRcYLÅÓ·XeTmLRcY[Ò hm\^RcYLÅY]CKMKwcRc\^YDXeTm\f]CR AL[TF+»LLR LÓfLKLRUTVhKXDÒ ´LÅWpLhmu´]CRchp\fJÓfL*ÔÆ]CWXZiÂ`
ic\¡TV\^]CRjXZÓHicLÓ·XDÒh- QSR ÕjgCwcWpLÅ~Âdu+ÁLÅhpGc],+TVGJLÅXeWmYbGc\¡TVLYTVwJWmL*]ZÔtTmGcLhm\^KOwcÓfXeTm\f]CR hpÒhpTmLK.wchpLi XeTMQ `
zQ  1%[ (  ±Z~$3M-tQÈT±\^h±Y]CKMu´]ChmLi]ZÔo]CRcLGjXZuJTm\fYOic\fhpucÓfXÒZd£X9nu[ XZRci8XgZWVXZucGJ\fYh +Á]CWG3hpTVXeTV\^]CR -/FHGJLWmL
XZWmL*hmLd)CLWVXZÓY]CRUTmWm\^cwJTV\^RcgYDXZwchpLhMTV] Ó·X¯TVLRJYÒ PÅY]CKMKOwcRJ\fYXeTV\^]CR ´LTF+ÁLLR TVGcLGjXeuJTV\^YÅiJ\fhpucÓ·XDÒ XZRci
TVGcLOnu[¹d6Y]ZKKwcRc\^YDXeTm\f]ZRAL[TF+»LLRTVGcLOnu[ XZRci_TmGcLOgCWmXZucGc\^Yh +»]ZWG3hpTVXeTV\^]CRd´TVGcLTV\^KLTbX$GeLR UÒ*TVGcL
gCWVXeucGc\^YhHic\^hmucÓfXDÒCdcTmGcL/Y]CKMucwÂTbXeTm\f]CR9Tm\fKML±ÔÆ]CW»Y]CÓ^Óf\^hm\^]CRicL[TVLY[TV\^]CRdJÔÆ]ZWmYL±ÔÆLLiccXZYG%XZRci%iJLÔÆ]CWpK,X¯TV\^]CR -
Â\^RcYLKOwcYbG*]ZÔTVGcLY]CKMKOwcRc\^YDX¯TV\^]CR_´LTF+ÁLLR_LÓ^LKMLR3Tmh¹XeWmLXZhrÒÂRJYbGcWm]CRJ]CwchdlTVGJL±TV]ZTVXZÓÓfXeTVLRcYÒ%\^hRc]ZT
TVGcL*hmwJK ]ZÔ¹TmGc]ChpL*iJLÓfXÒh,cwJT\^TM\^h\fKMu´]CWpTVXZRUTTm]8WmLiJwcYLTVGcLK TV]TVGJL\^WKM\^Rc\^KOwcK )eXZÓ^wcLhS- FHGcL
Ó·X¯TVLRJYÒicLuALRcichgCWmLXeTVÓ¡Ò%]CRGjXZWpi>+»XZWmLed´hpuALY\¡ÕjYDXeÓfÓ¡Ò]CR*Y]CKMucwJTVXeTV\^]CRÅXZRcigCWmXZucGc\^YhuALWpÔÆ]CWpKXZRcYL-
(Fx, Fy, Fz)
(x, y, z)
Positions
Forces
Workstation (PC)
500 Hz
Force Feedback Device
Computation
of the
Deformation
Collision Detection
Computation
of the forces
Positions
(x, y, z)Shared Memory
Graphic Workstation
E
\fgZwcWmL~>Pos JXZKMucÓ^L]ZÔ@hm\^KOwJÓ·XeTm\f]ZR_hpÒhrTVLKMhS-
FHGJLY]CKMucwJTVXeTV\^]CRTV\^KMLiJLu´LRcich]CRTVGJL²YbGc]C\^YL]ZÔoTVGcLMgCL]CKMLTVWp\fYXZRJi uJG3Òhp\fYXZÓoK]icLÓÄ]ZÔÁhm]ZÔ¾T
TV\^hmhpwcL T>hpLLhmLYTV\^]CRNVd-+QÈÔk+ÁL +Wp\^TmL
	oXehTmGcLu´]Chp\^Tm\f]CRÅ]ZÔ
TmGcLTV\^hmhmwJLyKM]ÂicLÓXeT\^TmLWVX¯TV\^]CRadf+»L +\^ÓfÓ
#"	 
 
	 Ù@×  ÙSÝ  Ý   ÙÈÙSÚ 	    ! 	"#$ ÛÁÚ % Ý  
+Wm\¡TVL  	»TmGcL,Y]CKMucwJTVXeTV\^]CRTm\fKMLRcLLicLiTV]*Y]CKMucwJTmLTmGcLRcLS+u´]Chp\^Tm\f]CR 
	  -FHGcL,Y]CKMucwÂTbXeTm\f]CR
TV\^KMLKwchpTt´L´]CwcRJicLiUT  	 	!V»\^RÅ]ZWmicLW+TV]gCwjXZWmXZRUTVLLKM\^Rc\fKXZÓ£cXZRci>+\^iJTVG -
L%ic\^hpTm\fRcgZwc\fhpG ´LTF+ÁLLR XUgd;M=$;
7 	 LS5wJ\fÓ^\fJWm\^wcK.L53wjXeTm\f]ZR XZRJi XIn$Co=$m 7 	Ó·X0+]ZÔK]eTV\^]CR icL[`
uALRcic\^Rcg +GcL[TVGcLW 
	  icLuALRcich]CRTmGcL,uJWmLS)\^]Cwchyu´]Chp\^Tm\f]CR 
	F-  GcLR wchm\^Rcg_hrTbXeTm\fYL53wjX¯TV\^]CRchy]ZÔ
TVGcLÔÆ]CWmK
   d´TVGcLOY]CKMucwJTmLi8hmGcXZuALOY]CWpWmLhpuA]ZRcich±TV]9TmGcLyhrTbXeTmLy]ZÔoL53wc\^Ó^\fcWp\fwJK*d£hp]9TbX$GeLh/Rc]
XZYY]CwcRUTt]ZÔ
\^RcLWpTV\fXM]CW )\fhpY]LÓfXZhpTm\fY\^TSÒ$-
 \¡TVG iJÒRjXZKM\^YÅÓfX0+h,]eÔ¹KM]ZTm\f]CR6dÁTVGJL*YwcWmWpLRUT,uA]Chp\^Tm\f]ZR ]ZÔTVGJL*Tm\fhphmwcL*GjXZhXZR \fRaOjwcLRJYL_]ZR \¡TVh
ÔÆwJTVwJWmL_u´]Chp\^Tm\f]CR - ZÅ]ChpTmÓ^ÒZd+TVGc\^hYXZR ´L_KM]icLÓ^Li wchm\^Rcg X tLd+HTV]CRc\fXZR ÓfX0+ ]ZÔ/KM]ZTm\f]CR GjX0)\fRcgTVGcL
Y]CWpWmLhmu´]CRcic\^RcgiJ\QALWpLRUTV\fXZÓ£L53wjX¯TV\^]CRUP

 
  
  
 

  T<N V
(tLu´LRcic\^Rcg]CR TmGcL²Y]CKMucÓ^LÂ\¡TSÒ]ZÔoTVGJL²icLÔÆ]CWpKXeTV\^]CRKM]ÂiJLÓ>d6TVGcL²Y]CKMucwJTVXeTV\^]CR]ZÔ 
	  K,XDÒ_AL
uALWpÔÆ]CWpKMLiM\fRUTmLWVXeYTV\R)CLÓ^Ò$-vFHGcLHR3wcKO´LWv]eÔl\^TmLWVX¯TV\^]CRchvKOwJhpTv´L+´]CwcRcicLiMhm\^RcYL+TmGcL+Y]ZKuJwJTbXeTm\f]ZRyTV\^KL
  	+KwchpTOALMÓ^LhmhTVGjXeR   -   KX¯qr]CWic\ !YwcÓ¡TSÒ Y]CRchp\fhrTVh]ZÔ+LRchmwcWp\fRJg/gdCo 	9 ho`7 	d7:;Ced7qAq,TmGjXeTTVGcL
o`<amHAd97 	=$?8;7:mHA+wJhmLi*ÔÆ]CWHY]ZKuJwJTbXeTm\f]ZR_KXeTVYbGJLhTVGcL < g,Ad9 ;7:mHA+wJhmLi*ÔÆ]CW\fRUTmLWVXeYTV\^]CR -DEj]CWH\^RchpTVXZRcYL
TV]Y]ZWmWmLYTmÓ^Ò²LhpTm\fKXeTmLTmGcLHhmu´LLi,]ZÔ6XL)CLWpTVL  	dU]CRcLHhpGc]CwcÓ^i,iJ\)\^icLTmGcLHu´]Chm\¡TV\^]CRic\QALWpLRcYL  	   	"! 
UÒ%TVGcLWmLXZÓ6Tm\fKMLhmu´LRUTAL[TF+»LLR_TF+Á],\¡TVLWVXeTm\f]ZRch-
3TbXeTm\fYML53wjX¯TV\^]CRchOGcX,)ZLTF+Á] Xei>)eXZRUTbXZgCLh-_E@\fWphpTDd#TVGJLÒ XZWpLÔ>XZhrTVLWTm]ÅY]CKMucwJTmL,´LYXZwchmL,Rc]TV\^KL
\fRUTmLgCWmXeTV\^]CR_\^hRcLLicLi -tÂLY]CRJid´TmGcLÒ*XeWmL +»LÓfÓhmwc\¡TVLi_ÔÆ]CWujXZWmXZÓ^ÓfLÓ@XeÓfgC]ZWm\¡TVGcKMh]CWHÔÆ]CWXZhpÒRcYbGcWp]CRc]CwJh
Y]CKMucwÂTbXeTm\f]CR - Ej]CW/\fRJhpTbXeRcYLed\^R/[»]ZTV\^R Ad; =$?q1J[ (  ±C~$3<d +»LMwchpLXhrTbXeTm\fYyÔÆ]ZWmKOwJÓ·XeTm\f]ZR KM]ZTm\f]ZR8TmGjXeT
LRjXecÓfLowch£Tm]iJLY]ZwcucÓ^LoTmGcLvÔÆ]CWmYLvYk+\^TmGTmGcLoicLÔÆ]ZWmKXeTV\^]CRY]ZKuJwJTbXeTm\f]ZR -@FHGJ\fh#\^hGJ\fgCGJÓ^ÒXei>)eXZRUTbXZgCL]Cwch
ALYDXZwJhmLZd@XZhRc]ZTmLi8´LÔÆ]CWpLZd£TVGcL²ÔÆ]CWpYL²Y]CKMucwJTbX¯TV\^]CRKwchpTWpwcR X¯TÓfLXZhpTXeTNC}Z}  ²cwÂTWmL53wc\^WmLhÔÆLd+
]Cu´LWVX¯TV\^]CRchNTÆucWm]icwcY[T»]eÔ#XKXeTmWm\  +\^TmG%X!)ZLYTm]CWV+GcLWpLDXZhTVGcLticLÔÆ]ZWmKXeTV\^]CR,Y]CKMucwJTVXeTV\^]CR9KwchpT»WmwcR
XeTtNC} L+\^TmG_X²ÓfXZWmgCLXZKM]CwJR3T]ZÔ@Y]ZKuJwJTV\^Rcg*-
],+»Ld)CLWd6hrTbXeTm\fYÓ·X0+h¹XZWmLRc]ZT¹XZcÓ^LTV]K]icLÓWpLDXZÓ^\^hpTV\^YOiJLÔÆ]CWpK,X¯TV\^]CRchhmwcYbGXeht\^RcLWrTV\fX,]CW )\^hmY]L[`
Ó·XehpTV\^Y\¡TSÒ- (ÒÂRcXZKM\fYMÓfX,+h]ZÔÁKM]ZTV\^]CR8]CR TmGcLM]ZTVGcLW±GjXZRJid#YDXZR8KM]ÂiJLÓÄKM]CWpLMXZYYwcWVXeTmLMicLÔÆ]CWpKXeTV\^]CRch
cwJTtXZWpLKM]CWpL/ic\ !,YwcÓ¡TtTm]GcXZRcicÓ^LOXeRciY]CKMucwJTVXeTV\^]CRjXeÓfÓ¡ÒKM]CWmL/L Ju´LRJhm\R)CL$-
 $#    &% (')%
 
    +* % 
&%   
FHGcLtXZc\^Óf\¡TSÒyTV]YwÂT»XeRci,hpwJTVwJWmLHTV\^hmhpwcLt\^h]ZÔ6uJWm\^K,XeWpÒ²\^KMuA]CWrTbXZRJYLHÔÆ]CWvicLhm\^gCRc\^RcgyX/hmwJWmgCLWpÒMhm\^KOwJÓ·XeTm\f]ZR
hpÒhpTmLK -%FHGcL\fKMujXeYT]ZÔÁTmGc]ChpL,]Cu´LWmXeTV\^]CRch\^RTmLWmKMh]ZÔ»Tm\fhphmwcLKM]ÂiJLÓ^\fRcgÅ\fhY]ZRchm\^icLWmXZcÓ^L$-9QSR8Ô>XZY[TDd
TVGcL[ÒM\fKMucÓ¡ÒMTVGjX¯TvTVGcLgCL]ZKL[TVWp\fYWmLucWmLhmLRUTVXeTV\^]CR9]ZÔ´TV\^hmhpwcL¹KwchpTÁYbGjXZRJgCLt\¡TVhoTV]ZuA]CÓ^]CgZÒO],)CLWTV\^KML$-ÄFHGcL
Y]ChrT]ZÔ
hpwcYbG X²TV]ZuA]CÓ^]CgC\^YDXeÓ6YbGjXZRJgCLiJLu´LRcichÓfXZWmgCLÓ^Ò9]CR%TVGcLYbGc]ChpLRÅWmLuJWmLhpLRUTbX¯TV\^]CRIT>hpLLhmLYTm\f]CR_N Vd-
QSR XZicic\¡TV\^]CRdlTVGcLALGjX0)\f]CWmXZÓK]icLÓ@]ZÔ
TVGcLTV\^hmhmwJLyKOwchrT/´LyXZijXeuJTVLiXeTtujXZWpTmh +GcLWmLYwJTpTV\^Rcg9]CW
hmwJTmwcWm\^Rcg]ÂYYwcWph-uK£\^TpTVÓ^L±\^h G3Rc],+RÅXZ´]CwJT+TmGcL/hpTmWmLhphehrTVWmXZ\fR*WmLÓ·X¯TV\^]CRchmGJ\fu*]ÂYYwcWp\fRJgiJwcWm\^RcgXZRciXeÔ¾TmLW
YwJTpTV\^Rcg*-ÄFHGJLHjXZhm\^YXZhmhpwcKMuJTV\^]CRM\^hÄTVGjXeT
TVGcLHucGUÒhm\^YDXeÓjucWm]Cu´LWrTV\^Lho]ZÔlTV\^hmhpwcLXZWpLH]CRcÓ¡ÒyKM]ÂiJ\^ÕjLiMÓf]YDXZÓ^Ó¡Ò-
t],+ÁLS)CLWd#\^R uJWVXZY[TV\^hmLZd6YwJTpTV\^RcgYDXZRgCWpLDXeTmÓ^ÒÅKM]ÂiJ\^Ô¾Ò*TVGcL²´]CwcRJijXZWpÒÅY]ZRcic\¡TV\^]CRch/´LTF+ÁLLR8TV\^hmhpwcLMXZRci
TVGcLhpwcWmWp]CwcRcic\^Rcg,]CWmgUXeRch +Gc\^YbG_LRUTVXZ\fÓ^hY]CRchp\fiJLWVXecÓfLYbGjXZRJgCL\fRTVLWmKMht]eÔ
icL[ÔÆ]CWmKXZJ\fÓ^\^TSÒ$-
E@\fRjXeÓfÓ¡ÒCd +GcLR YwJTmTm\fRJg )C]CÓ^wcKMLTmWm\^Y9]CWhmwcWrÔ>XZYL,KM]ÂicLÓfhdÄ\¡TO\^h )ZLWpÒÓ^\ GeLÓ¡ÒTmGjXeTTVGcL,RcLS+ gCL]CKML[`
TVWp\fY XZRci ucGUÒhm\^YDXZÓWmLucWmLhmLR3TVXeTV\^]CR ]ZÔTm\fhphmwcLÓfLXZich%TV] hmLÓ^Ô¼`È\fRUTmLWmhpLY[TV\^]CRch- FHGcL icLTmLYTm\f]ZR ]ZÔhmLÓ^Ô¼`
\fRUTmLWmhpLY[TV\^]CRch\fh¹Y]CKMucwJTVXeTV\^]CRjXeÓfÓ¡Ò L ÂTmWmLKLÓ^Ò_LÂu´LRchp\)ZLZd#TVGcLWmLÔÆ]ZWmLyWpLucwcÓ^hm\R)CL²ÔÆ]CWpYLAL[TF+»LLR RcL\^gCGÂ`
A]ZWm\^Rcg )CLWrTV\^YLh±XZWpLhp]CKMLTm\fKMLhtXZiciJLiTV]ucWmLd)CLRUTthmLÓ^Ô¼`È\fRUTVLWmhpLYTm\f]ZRch-
!ñutdvwxSy
}    rÝfÝ:
        ' 
	 % 
  
  
¹XZuÂTV\^Yic\^hmuJÓ·XDÒhmLW )ZLh/XeTÓ^LDXehpTTF+»]ucwcWpuA]ChpLht\fRÅXhpwcWmgZ\fYXZÓ£hm\^KOwcÓfXeTm]CW PG3\^RcLhrTVGcL[TV\^Y²XZRci*Y]CgZRc\^Tm\)ZL$-
E
\^WmhpTd¹\¡T%ucWp]4)\^icLhTVGJLhmLRJhVXeTm\f]CR ]ZÔKM],)CLKMLR3T*TV] TmGcLwchmLWXZRci TVGJLWmL[ÔÆ]CWmL8\¡T%gCWpLDXeTmÓ^Ò LRcGjXeRcYLh
\^T*hpwcWmgC\^YDXeÓ/uALWpÔÆ]CWpK,XeRcYL-ÂLY]CRJid/\^T\^h*wchmLi Tm] ic\^hpTm\fRJgCwc\^hmG ´LTF+ÁLLR TV\^hmhpwcLhÅUÒ TVLhpTV\^Rcg TVGcL\fW
KMLYbGjXZRJ\fYXZÓ@uJWm]Cu´LWrTV\^Lh-
],+»Ld)CLWdcTVGcL±XZicic\¡TV\^]CR%]ZÔXyGjXeuJTV\^Y±ic\^hmucÓfXDÒ9\^RXyhm\^KOwcÓfXeTm\f]CRhrÒÂhrTVLK\^RcYWpLDXZhpLhUÒ9XyÓfXZWmgZL¹Ô>XZYTm]CW
\^Tmh»Y]CKMucÓfL Â\^TSÒ9XZRci,TmGcL¹WpL53wc\^WmLi%Y]CKMucwJTVXeTV\^]CRjXeÓ´u´],+»LWN1JZ_z E /C~43 P
XZR9\^RcYWpLDXZhpL¹UÒ9XÔ>XZYTm]CW}]ZÔ
TVGcLÁWmLS5wJ\fWpLiyjXeRci>+\^iJTVGdZhpÒRcYbGcWp]CRc\^hVXeTm\f]CR²´LTF+ÁLLR )\fhpwjXZÓÂXZRciOGcXZuJTV\^Yic\fhpucÓfXÒhdCÔÆ]CWmYLÁY]CKMucwJTbX¯TV\^]CRd
EjLS+ ujXeuALWmh»GcX,)ZL±XZhphmLhmhmLi%TVGcLt\fKMu´]CWpTVXZRcYLt]ZÔ£GjXeuJTV\^YtÔÆLLicjXeYG,\^RhpwcWmgCLWpÒ 1%ZÅXZWVC~43M-vQSRgCLRcLWVXZÓ>d
\^T
\fhÄXZYYLuJTmLiyTVGcXeT
TmGcL+Y]ZKOc\^RjXeTm\f]CRO]ZÔ`)\fhpwjXZÓcXeRciyGjXZuÂTV\^Y+ic\^hmucÓfXDÒÂhoXeWmL»]ZuJTV\^KXZÓÔÆ]ZW@hpwcWmgCLWpÒTVWmXZ\fRJ\fRcg
]CWucWmLa`SucÓfXZRcRJ\fRcg>-
QSR )\^icL]e`ÈhmwcWpgCLWrÒCd±TmGcLhmwcWpgC\^YDXZÓ/\^RchpTmWmwcKMLR3Tmh_hpÓf\^icL \fRchp\fiJLX TmWm]YDXZWpi XeRci XeWmLY]ZRchpTmWVXZ\^RcLi TV]
gC] TVGJWm]CwcgZG X_Õ JLi u´]C\^RUT0- FHGc\fhMLR3TVXZ\^Ófh²hpwcchpTVXZRUTV\fXZÓ+ÔÆWm\^YTm\f]ZRdohmu´LY\¡ÕjYXZÓfÓ¡Ò \^R Ó·XZucXZWm]ChpY]CuUÒ +GJLWmL
XZ\^WpTV\^gCGUTVRJLhmh²KwchpTyAL,LRJÔÆ]CWpYLi - FHGcLÔÆWp\fY[TV\^]CR ]ZÔHTmGcL\^RchrTVWmwJKLRUTVh²\^Rchm\^icL9TVWp]ÂYXZWmiJhOu´LWpTmwcWm´LhTVGcL
hmLRchm\^Rcg±]ZÔÔÆ]CWpYLhUÒ±TVGJLÁLRciÂ`SwJhmLWS-k(¹Lhmuc\¡TVLTVGc]ZhmLouALWpTmwcWmjX¯TV\^]CRchd¯\¡T
XeucuALXZWmh£TmGjXeT\^T\^h#hpTV\^Ó^ÓRJLYLhmhmXZWpÒ
TV]ucWm],)\^icL/ÔÆ]CWmYL[`ÈÔÆLLiccXZYG9ÔÆ]CWHWmLXZÓ^\fhrTV\^YwchpLW\^KKMLWmhm\^]CR -
FHGJLÅÔÆ]CWpYL*Y]CKMucwJTVXeTV\^]CR icLu´LRciJh9]CR TmGcL_YbGJ]ChmLR icLÔÆ]ZWmKXeTV\^]CR K]icLÓ
- (¹L[ÔÆ]CWmKXeTm\f]CR KM]ÂicLÓfh
jXZhpLi ]ZR J\f]CKMLYbGjXZRc\^Yh,RjXeTVwJWVXZÓ^Ó^Ò ÓfLXZi Tm]uJG3Òhp\fYXZÓfÓ¡Ò KMLDXZRc\^RcgZÔÆwJÓ+ÔÆ]CWmYLh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`h	ÁicL[ÔÆ]CWmKXeTm\f]CR
KM]ÂicLÓfhdÔÆ]CW±\^RchpTVXZRcYL²hmucWp\fRcg%KM]icLÓ^hdTmGcLyÔÆ]CWpYLyY]CKMucwJTVLi XeT/LDXeYbG \¡TVLWVXeTm\f]ZRK,XDÒÅRc]ZT/Y]CWmWpLhpuA]CRJi
TV]\fRUTmwc\^Tm\)ZLhpLRchmXeTV\^]CRdlLhmu´LY\fXZÓ^Ó^Ò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TV\^Y\¡TSÒ8XZRciÔÆWmXZYTmwcWmL- ZÅLhmLwcWmLeAd; =$?qu1JZ\[+   3vucWm]ZuA]ChpLi X9hmwJWpÔ>XZYL²WmLuJWmLhpLRUTbX¯TV\^]CR]eÔTm\fhphmwcLMhp\fKM\^Ó·XZW
TV]TVGJL%G3ÒcWp\fi KM]ÂicLÓ+ucWp]CuA]ZhmLi UÒ FLW ]Cu´]CwcÓ^]Ch 1 FBE
CCX3
- ÂuJWm\^RcgChM]ZÔ LWp]8ÓfLRcgZTVG XZWpLXeTmTVXZYbGcLi
TV]XH)\^WpTVwcXZÓÄWm\^gC\^iY]CKMu´]CRcLR3T- (¹wJWm\^Rcg%icLÔÆ]ZWmKXeTV\^]CRd£´]ZTmG TVGcLyu´]Chp\^Tm\f]CRJh/]ZÔK,Xehmhr`ÈuA]Z\fRUTVhXeRciTVGcL
TVWmXZRchmÓfXeTm\f]CR eWm]ZTVXeTV\^]CRÅujXZWVXeKL[TVLWmh±]ZÔ
TVGcLWm\^gC\fi_Y]CKMu´]CRcLRUTXeWmLwcuAicXeTVLi -¹FHGc\^h¹ÔÆWmXZKMLS+Á]CWG*GjXZhTVGcL
XZi>)eXZRUTbXegCL]eÔvicLY]CwcucÓ^\^Rcg9hpTm\Q ´LGjX0)\^]CW¹KM]icLÓ^LiÅ3ÒTmGcLOWp\fgC\^i_Y]CKMuA]ZRcLRUT¹XZRci_Ó^]YDXZÓ#icL[ÔÆ]CWmKXeTm\f]CR
KM]ÂicLÓfLi_UÒ%hpucWm\^RcgChtXZRciijXZKMu´LWph-
/\^chm]CR Ad;c=$?q 1 >Z EÄ   3ucWm]Cu´]ChpLi XS[»GcXZ\fR`Z_XZ\^Ó K]icLÓ±TVGjXeT*ic]LhRc]eTÅiJLWm\R)CL ÔÆWm]CK TVGcL
L53wjXeTm\f]ZR%]ZÔ£iJÒRjXZKM\^YhHNa-vQSRchpTmLDXZidTVGcLticLÔÆ]ZWmKXeTV\^]CR9KM]icLÓ´gC],)CLWmRchÁTVGcLtic\fhpucÓfXZYLKLRUT]ZÔXZÓ^Ó´RJ]ÂicLhd
gC\R)CLR X ic\^hmuJÓ·XZYLKMLRUTÅ]CR \¡TVh9´]CwcRcicXZWpÒ$- FH\^hmhpwcL8\fh%WpLucWpLhpLRUTVLi XZh9X hmLT]eÔicLÔÆ]CWpKXZcÓ^L\)C]ÂLÓ^h
Óf\^R*GeLi%TV]OTmGcL\^WH~ORJLDXZWpLhpT+RcL\^gCG3A]ZWmh-  GcLRXORc]icL¹\^h+ucwJÓfÓ^Li%]CWÁucwchpGcLidjRJL\^gCG3A]CWp\fRJgyÓf\^R*G3hXZchp]CWm
TVGcL_K],)ZLKMLRUT*UÒ KM],)\fRcg hpÓf\^gCGUTVÓ¡Ò- QÈÔX Ó^\fR>G ´LTF+ÁLLR TF+Á] Rc]icLh\fh9hrTVWpLTVYbGJLi ]CWY]CKMucWmLhmhmLi
TV] \¡TVhOÓf\^KM\^TdÄic\^hmucÓfXZYLKMLRUTVh,XZWmLTVWmXZRchpÔÆLWmWpLi TV]_RcL\^gCG3A]ZWm\^Rcg Ó^\fR*G3hS- \^TmGc\fR TmGc\^hOÔÆWVXZKMLd+»]CW GldvhpTV\RQ
ALGjX0)\f]CWYDXZR ´L,KM]icLÓ^Li ÔÆ]CWÓ·XZWpgCLic\fhpucÓfXZYLKLRUTVhr+GcLWmLXZhOY]CKMucÓf\fXZRUTyKM]ZTm\f]ZRW+\^ÓfÓo´L,]ZchmLW )CLi
ÔÆ]CW¹hpKXZÓfÓ
ic\fhpucÓfXZYLKLRUTVh-FHGcLd[»GjXZ\^RfZ_XZ\^ÓKM]icLÓ@\fh +»LÓfÓ¤`Shpwc\^TmLi8ÔÆ]CW¹WpLDXZÓ¤`ÈTm\fKMLicLÔÆ]CWpKXeTV\^]CR8XZRci
YwJTpTV\^Rcg_]ZuALWVXeTm\f]CRJhd ],+»Ld)CLWdv\^T\^hORc]eTYÓfLXZWOGJ]4+ WmLDXeÓf\^hpTm\fYTVGcLicLÔÆ]ZWmKXeTV\^]CR\fhRc]CWGc],+ ÔÆLDXehm\^cÓfL
TVGcLWpLDXZÓ¤`ÈTm\fKMLWmLRcicLWp\fRJg]ZÔTVGcL/Tm\fhphmwcLKM]ÂicLÓ\^h-
!ñutdvwxSy
      rÝfÝ:
        
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E
\^Rc\^TmL/LÓ^LKMLRUTtKM]ÂicLÓfhXZWpL±TVGcL/hpwcWpÔ>XeYLXZRci_)C]ZÓfwcKMLWmLucWmLhmLR3TVXeTV\^]CR*KM]ChpTB+\^icLÓ¡Ò%wchpLi*\fRLRJgC\fRJLL[`
Wm\^Rcg*-E
\^Rc\¡TVL±LÓfLKMLRUTKMLTVGJ]Âich»icLhpYWm\^´LXhmGjXZu´L/XZh+XOhmL[TH]ZÔ#jXZhp\fY/LÓfLKMLRUTVh!T¾TVWm\fXZRcgZÓfLhd*53wjXZiJWm\^Ó·XeTmL[`
WVXZÓ^hdlTVL[TVWmXZGcLiJWVXJd- -%VH+GcLWpLOhpGjXZu´LÔÆwcRJYTV\^]CRch +\^TmG Ó^\fKM\¡TVLi_hmwcucu´]CWrT±XZWpLiJLÕjRcLi^1 6\fL     3
-+FHGc\^h¹Ó^LDXZich
TV]Y]CRUTm\fR3wc]CwJh¹WmLucWmLhmLR3TVXeTV\^]CRch +\^TmG )eXZWrÒÂ\^RcgÓfLd)CLÓfh±]eÔ
Y]CRUTV\^RwJ\^TSÒ$-  ÕcRc\^TmLLÓ^LKMLRUT±KM]icLÓ#\^hHÔÆwcÓfÓ¡Ò
icLÕcRcLiUÒOTVGJL+YbGc]C\^YL]ZÔ´\¡TVhÄLÓfLKLRUTVhd\¡TVhÄhpGjXZu´L+ÔÆwcRcYTm\f]ZR,XeRci²\^TmhvgCÓ^]CjXZÓujXZWmXZKMLTVLWm\DXeTm\f]ZR´LTF+ÁLLR
ujXZWmXZKMLTVLW¹hpujXZYL XZRci  T	
   ÔÆ]ZWthpwcWpÔ>XZYLh¹XZRci
 tÔÆ]CW )Z]CÓ^wcKMLhV- Ej]CWhmwJWpÔ>XZYLhtTmGjXeT
XZWmLRcL\^TmGcLWHTm]CuA]ZÓf]CgZ\fYXZÓfÓ¡Ò%ucÓfXZRjXeWH]CWHYÒÓ^\fRciJWm\^YDXZÓ>d´TmGcL/ujXZWmXZKMLTmLWm\DX¯TV\^]CR_YXZRALucWp]CcÓ^LKXeTV\^Y$-
E@\fRc\¡TVLLÓ^LKMLR3TmhL+\^TmG    Y]CRUTm\fR3wc\¡TSÒCd+GcLWpLOTVGcLhmGjXeuALRc]ÂiJLY]CRchm\^hpTmh±]ZÔoX )CLWpTVL u´]Chm\¡TV\^]CR_XZWmL
hm\^KM\fÓfXZWTV],ÕcRc\^TmLiJ\QALWpLRcYLOKMLTmGc]ÂiJh-Â\^KM\fÓfXZWpÓ^ÒZd *Ák \^LWthmucÓ^\^RcLhd*`ÈhmucÓ^\^RcLht]CW tLWpKM\^TmLOhmuJÓf\^RcLhtYDXZR
ALhpLLR_XZhHÕjRc\¡TVLLÓ^LKMLR3Tmh +\¡TVG*hmu´LY\^ÕjYhmGcXZuAL/ÔÆwcRJYTV\^]CRchS-
 ÕjRJ\^TmLLÓfLKMLRUTyKM]icLÓo\^hWpLucWpLhpLRUTVLi 3ÒTmGcLMRc]icL )CLY[TV]CWe-cEl]ZW/hpTbX¯TV\^Y,Y]CKMucwJTbX¯TV\^]CRd#TVGcL
hpTmWmLhphr`ÈhpTVWmXZ\^RWmLÓfXeTm\f]CRJhmGc\^uch±Ó^LDXZiJhtTV]   ( df+GJLWmLXZh¹ÔÆ]CWiJÒRjXZKM\^YyY]ZKuJwJTbXeTm\f]ZRd´TmGcLÔÆ]ZÓfÓ^],+\fRcg
tLd+HTV]CRc\fXZR*ÔÆ]CWmKwcÓ·X¯TV\^]CR\fh]ZÔ¾TmLR*wchmLi/P
   "      T<~ V
FHGc]ChpLHL53wjXeTm\f]CRJhÄYDXZR²LS53wc\)eXZÓ^LRUTmÓ^ÒOAL+iJLWm\R)CLiM3ÒKM\fRJ\fKM\DXeTm\f]CR²]eÔjTVGcLÁALRcic\^Rcg/LRcLWmgZÒTVGcWp]CwcgCGTVGcL
ucWm\^RcY\fucÓ^Ly]ZÔ )Â\^WpTmwjXZÓ +»]ZWGf-FHGcLy\^R3TmLgCWmXeTV\^]CRÅ]ZÔÄTVGJ\fhtic\QALWpLRUTV\fXZÓL53wjXeTm\f]ZRYDXZRÅALuALWpÔÆ]CWpKLi_wchp\fRJg
XZR hpLKM\¤`S\^KuJÓf\^Y\¡T9]CWLÂucÓ^\^Y\¡T9hmYbGJLKML$- QSR gZLRcLWVXZÓ>d+\^KuJÓf\^Y\¡ThpYbGcLKMLhXZWmLwcRcY]CRcic\¡TV\^]CRjXeÓfÓ¡Ò hpTbXecÓfL
+GcLWpLDXZhOLÂucÓ^\fY\^TOhmYbGcLKLh²XZWpL,Y]CRcic\¡TV\^]CRjXZÓ^Ó¡ÒhrTbXZJÓfL-%FHGc\fh\fKMucÓ^\^LhTmGjXeThmKXZÓ^ÓfLWTm\fKML,hpTVLuchOKwchpT
AL/wJhmLi +\¡TVGLÂucÓ^\fY\^ThpYbGcLKMLhS-]4+ÁLS)ZLWd´L ÂucÓf\^Y\¡ThmYbGcLKMLhtXZWmL/hp\fKMucÓ^LWHTV]²Y]CKMucwJTmLXZRciKXÒRc]ZT
WmLS5wJ\fWpLTmGcLK,X¯TVWm\ \^R )CLWphm\^]CR -
Z*LKOJWVXZRcL_XZRci TVGc\^R uJÓ·XeTmLÅLRcLWpgC\^LhGcX,)ZL_´LLR ÓfXZWmgCLÓ^Ò wJhmLi \fR Y]CKMucwJTmLW )\fhp\f]CR 1 F Y   3<d
Y]CKMucwÂTVLWgCWVXeucGc\^Yhs1üFn+* EÄ   3+XZRJiÔÆ]CWKM]ÂiJLÓ^\fRcg_LÓfXZhpTm\fYTVwccwJÓ·XZWhmwJWpÔ>XZYL,TV\^hmhpwcLe1JZÅLgCC~3
-%FHGcLhpL
TF+»]8´LÓ^]CRcg Tm]8X_Ô>XZKM\fÓ¡Ò ]eÔtWpLgCwJÓ·XZWp\ \fRJgLRcLWmgC\^Lh PMTVGcL%Y]CRUTVWm]ZÓfÓ^LiÂ`ÈY]CRUTm\fR3wc\¡TSÒ gCLRcLWmXZÓf\Li hpucÓ^\fRcL
GZLWmRcLÓfh 1üF@LWVC~3M-HFHGc]ZhmLr53wjXeicWVXeTm\fYLRcLWmgC\^Lh¹GjX0)CLO´LLR wchpLi L ÂTmLRchp\)ZLÓ¡Ò´LYDXewchmL]ZÔÄTVGJL\^WtR3wcKMLWp\¡`
YDXZÓucWp]CuALWpTm\fLh TÆTmGcLÒ*Ó^LDXZi*TV],Óf\^RcLDXeWtLÓ·XZhrTV\^YÔÆ]CWpYLhVd- ]4+ÁLS)ZLW±TmGcLÒ*ic],Rc]ZTtY]CWpWmLhpuA]ZRciÅTm]ucGUÒhm\^YDXZÓ
LÓfXZhpTm\fY*LRJLWmgZ\fLh- FHGcLÅKMLKOcWmXZRcL*LRcLWmgZÒ \^hX8Ó^\^RcLDXZWp\ Li )CLWphm\^]CR ]ZÔTVGJL*hpwcWpÔ>XeYL%TVLRchm\^]CR LRcLWpgZÒ
]CR hm]UXZu8ÕjÓ^KMhc1t\^Ó     3
-FHGJLTmGc\fR ucÓfXeTVLMLRcLWpgZÒ8\fhX%Ó^\fRcLXZWm\Li/)ZLWmhp\f]ZR ]ZÔÁTVGcLM\^hm]ZTmWm]Cuc\^Y²TVGc\^R hmGcLÓfÓ
OjLÂ\^]CR²LRJLWmgeÒ_1*»LWmC~3
-
QSRyujXeWpTV\^YwJÓ·XZWdZTVGJ]ChmL+LRcLWpgC\^LhvXZWpL»Rc]eTÄ\^R#)eXZWp\·XeR3T +\^TmG²WmLhpuALYTÄTm]/X¹YbGjXeRcgCL+]ZÔ
ujXZWmXZKMLTVLWm\DXeTm\f]ZR -+t],+ÁLS)CLWd3ÔÆ]CWÄhpK,XeÓfÓjicL[ÔÆ]CWmKXeTm\f]ZRchdUTVGJLÒyYXZRALHY]CRchm\^icLWmLiXZhk)eXZÓ^\fiXZucuJWm]Â\fKX¯`
TV\^]CRchS-¹QSR^1üFBEÄCCX43îdAF@LW ]CuA]ZwcÓf]Zh¹ucWp]CuA]ZhmLh±X,KM]CWmLgCLRJLWVXeÓ
´LRcic\^Rcg9LRcLWpgZÒÅY]CRchp\fhrTV\^Rcg%]ZÔÄTmGcLOhpwcK
]ZÔ£TVGJL¹h53wjXeWmL±]ZÔ6TVGcL±KML[TVWm\^YtTmLRchp]CWHXZRJiTVGcLtYwcW )eXeTVwcWpL )eXZWp\·XeTm\f]ZR -+tLticLÕjRJLhHXOGUÒcWp\fi9ÔÆ]CWpKOwcÓfXeTm\f]CR
]ZÔicLÔÆ]ZWmKXeTV\^]CR_TmGjXeT/\^RcYÓfwciJLhXWm\^gC\^iY]CKMu´]CRcLR3TXeRci8XicL[ÔÆ]CWmKXZcÓ^LyY]CKMuA]CRJLRUT0-  \^TmG TVGc\^h±RcLd+
ujXZWmXZKMLTVLWm\DXeTm\f]ZR ]eÔoicLÔÆ]CWpKXeTV\^]CRdA\fR )eXZWm\fXZRUT/TV]Wm\^gC\fi TmWVXZRJhpÔÆ]CWpK,X¯TV\^]CRdATmGc\^RucÓ·X¯TVLy´LRciJ\fRcg%LRcLWpgZÒ
\fh²wJhmLi Tm]KM]ÂicLÓ»ÓfXZWmgZLicL[ÔÆ]CWmKXeTm\f]CRJh-8QSR 1%[ ±FHFU3<doX iJÒRjXZKM\fY%KM]icLÓÁhm\^KM\fÓfXZWOTm]^1 FBE
CCX3»\fh
ucWm]ZuA]ChpLi*cwJTTVGJLicXZKMuc\fRJgÔ>XZY[TV]CWH\^hWmLucÓ·XeYLiÅUÒ9TVGcL/Tm\fKMLicLWp\)eXeTm\)ZL]eÔ
TVGJL/hpTVWmXZ\^R*TmLRchp]CW-
FHGJL+KM]ChpTXZia)ZXeRcYLi²hmwcWrÔ>XZYLHicL[ÔÆ]CWmKXeTm\f]ZR²K]icLÓJGjXZhv´LLR²ucWm]ZuA]ChpLiM\^R 1 FBEÄZZ>3
-
QSRyTVGJ\fhvujXeuALWd
X ZÅX +»LÓfÓÂXZRci o]C\^gZT8)\fhpY]LÓfXZhpTm\fYÁK]icLÓGcXZh#ALLRO\^KMucÓ^LKMLRUTVLiywchp\fRcg¹XhpLKM\¤`S\^KuJÓf\^Y\¡T
hpYbGcLKMLu+\^TmG
ÕjRc\¡TVLHic\RQALWmLRcYLho]CR²X±WmLgCwcÓfXZW
gZWm\^i -ÄFHGcLHXeicic\¡TV\^]CR²]ZÔlucÓfXZhpTm\fYHwJRc\^TmhvLRjXecÓfLi²Rc]CR²WpLS)CLWmhp\fcÓ^LALGjX0)\f]CW
TV]ALKM]icLÓ^Li - t],+ÁLS)ZLWdlTVGJ]ChmLWmLhmwcÓ¡TVhWmLS5wJ\fWpLi_hpwcchrTbXZRUTV\fXZÓ#Y]ZKuJwJTbXeTm\f]ZRjXZÓ£u´]4+ÁLWÔÆ]CWHWpLÓfXeTV\R)CLÓ^Ò
hmKXZÓ^Ó#gCWm\^ich!T<XeWm]CwcRJi_NC}ÁNC}Vd-
K£\^RcLDXeW¹LÓfXZhrTV\^Y )C]CÓ^wcKMLTmWm\^YyÕjRc\¡TVLyLÓfLKLRUTKM]icLÓ^h±GjX0)ZL²ALLR\+\^icLÓ¡Ò wchpLiTV]K]icLÓ@TVGJLyicLÔÆ]ZWr`
KXeTV\^]CR ]ZÔhp]ZÔ¾TyTV\^hmhpwcL$-8QSR hpwcYbG YDXZhpLhdvTmGcL9hpTmWmLhmh¯hpTVWmXZ\^R WpLÓfXeTV\^]CRchpGc\fu \^h²WmLucWmLhmLR3TmLi UÒ X Ó^\fRJLDXZW
L53wjXeTm\f]ZR P  e-yFHGJLWp\fgZ\fic\¡TSÒKXeTmWm\   icLu´LRJich]CRTVGcLMWmLhpThmGcXZuALMgCL]CKMLTmWpÒCd£TmGcL ]CwcRcg
KM]ÂicwJÓfwch XZRci TVGJL KXeKkOujXZWVXeKL[TVLW -/QSR8KM]ChpT±YDXZhpLhd#]CRJÓ^Ò    LÓfLKLRUTVhXZWmLOwchmLid£ÓfLXZic\^Rcg9TV]
hm\^KMucÓfLhmGcXZuAL/ÔÆwcRJYTV\^]CRchS-
#"	 
 
	 Ù@×  ÙSÝ  Ý   ÙÈÙSÚ 	    ! 	"#$ ÛÁÚ % Ý   |
nv\^Lu´LW 1 nozU43HXZRci Y/LLd)CLW1XYsoC~3Hhm\^KOwcÓfXeTmLi Ô>XeTyTV\^hmhpwcLLÓfXZhpTm\fY\^TSÒ ÔÆ]CWyucÓfXZhpTm\fYhpwcWmgCLWpÒ/+\^TmG
ucWm\^hmKXeTm\fY%ÕjRJ\^TmL*LÓfLKMLRUTVhS- [»GcLR 1%[ C3Hcwc\^Ó¡TX8hp]CucGc\^hpTm\fYXeTVLi KwchmYÓfL*KM]ÂiJLÓ+jXehmLi ]CR c\^]CKML[`
YbGjXZRc\^YDXeÓicXeTbXs+GcLWmLX%Óf\^RcLDXeWLÓ·XehpTV\^YMKOwchpYÓ^L\^hhmwccKM\¡TmTmLi8TV]Rc]CRÂ`ÈÓf\^RcLXZW/TVLRJic]CR8ÔÆ]CWmYLh- (tLhmuJ\^TmL
TVGcL_XZucucWp]J\^KXeTV\^]CR ]CR TVGcLÅKOwchpYÓ^LLÓfXZhpTm\fYÅALGjX0)\f]CW]ZÔ±TVGJL_KOwJhmYÓ^LZdgC]]i Y]ZWmWmLhmu´]CRcicLRcYL +\^TmG
c\^]CKMLYbGjXZRJ\fYXZÓ
GjXeht´LLR ]CchpLW )ZLi - /]CwcWmWpLTr1 /FHFC3Y]CKMucwJTVLhtTmGcLh G3\fRicL[ÔÆ]CWmKXeTm\f]ZR_]ZÔ
GwJK,XeR
ÕjRcgCLWmhicwcWp\fRcgTVGJLgZWVXZhpuc\fRJg]ZÔ6Xhm]ZÔ¾To]CqrLYT-vFHGcLhm\^KOwcÓfXeTV\^]CRKM]ÂicLÓfhoTVGJL\^RUTVLWVXZY[TV\^]CR´LTF+ÁLLR,TF+Á]
icLÔÆ]ZWmKXZcÓ^L´]ic\fLh-
Z*]CWmL%Y]CKMucÓfL  LÓfXZhrTV\^Y*´LGcX,)\^]CWmhMGjX0)ZL*´LLR uJWm]Cu´]ChmLi 3Ò F@LW ]ZuA]CwJÓf]ChS- QSR 1 FBE
CZ>3<dÁGJL%icL[`
ÕjRcLhTmGcL±h 5wcXZWmL/Rc]ZWmK]eÔ£TVGcL/KMLTmWm\^Y±TVLRchm]CWXeh»TVGcL/u´]ZTmLRUTV\fXZÓ6LRcLWpgZÒCda+Gc\fYbG*YDXeR%AL/hpGc],+R/1*tC~3
TV] ´LLS53wc\)eXZÓ^LRUTyTm]X 3T0- oLRjXZRUT Y/\^WmYbGc]Q icL[ÔÆ]CWmKXeTm\f]CRKM]ÂicLÓ
- *»Wm]¯` t\^LÓ^hmLR 1 * ¹U|3wchpLi TmGc\fh
Rc]CRÂ`ÈÓf\^RcLXZW¹LÓ·XZhrTV\^YyKM]ÂiJLÓ#ÔÆ]CW¹hp\fKwcÓ·X¯TV\^Rcg%YWmXZRc\^]ZÔ>XZY\fXZÓhmwcWpgCLWrÒ +\¡TVG X,ÕjRc\¡TVLic\QALWpLRcYL²hmYbGcLKML²icL[`
ÕjRcLi ]CR YwcJ\fY,Ó·XeTpTV\^YLh-QSR 1XYXe\·C~3îd YXZ\^hmh_Ad;L=$?q#ucWm]Cu´]ChpLhX*Y]CKMucÓfL[TVLKM]ÂicLÓv]ZÔ»TmGcLLÒCL¯TVWpLujXeR
Y]CRUTVXZYTÄÔÆ]ZW
ucWpLic\^YTm\fRcg/L[ÒCL+iJLÔÆ]CWpK,X¯TV\^]CRchÄwcRJicLWÄhpwcWmgZLWpÒ$-ÄFHGcL+hpYÓ^LWmX/XZRciyY]CWmRcLX±XZWpL+KM]ÂicLÓfLiMXZhv3T0-
oLRjXeR3Tr`jY/\^WmYbGc]$QKXeTVLWm\fXZÓ^h±XZRci*TVWmXZRch )ZLWphmLÓ¡Ò \^hm]eTVWm]Zuc\fYKXeTVLWm\fXZÓfhS-FHGcLOu´LRcL[TVWmXeTV\^]CR_]eÔÄTVGcLTVWpLujXZR
WmLS5wJ\fWpLh»TmGcLWmL[`ÈKMLhmGJ\fRcgO]ZÔ6TmGcLtY]CWmRJLDXWmLuJWmLhpLRUTVLi%UÒ,GJLJXZGcLicWm\^YDXZÓ´LÓ^LKMLR3TmhD+\¡TVG9   RJ]ÂicLh-vFHGcL
Y]CKMucwÂTbXeTm\f]CRTV\^KMLN+ XZh]ZÔTVGcL]CWpicLW]ZÔ
XZRGc]CwJW]ZRÅX²u´],+»LWpÔÆwcÓ8+Á]CWG3hpTVXeTV\^]CR -
E@\fRc\¡TVL%LÓfLKMLRUTK]icLÓfhMGjX0)CL´LLR wJhmLiI+\^icLÓ¡Ò TV]8Y]CKMucwJTVL%hp]ZÔ¾T²TV\^hmhpwcLicLÔÆ]ZWmKXeTV\^]CRch²wJRcicLW
KMLYbGjXZRJ\fYXZÓ#Y]CRchrTVWmXZ\fRUTmh-QSR*TmGcLujXZhpTHÔÆLd+ ÒZLDXZWphdlWmLXZÓ¡`îTV\^KMLÕcRc\^TmLLÓ^LKMLRUTtK]icLÓfhGjX0)CL´LLR*icLd)CL[`
Óf]ZuALi%XZh+XeR9XZÓ¡TVLWmRjXeTm\)ZL¹TV]hmucWp\fRJgyKM]ÂicLÓfhS-JXZgUXeW 1ò * Z t   3´icLS)ZLÓ^]Cu´Li*X!)\^WpTVwcXZÓALR )Â\^Wm]ZRcKMLRUTHÔÆ]CW
LÒZLthpwcWmgCLWpÒ²hp\fKwcÓfXeTV\^]CR +GcLWpLTmGcLHY]ZWmRcLXicL[ÔÆ]CWmKXeTm\f]ZR\^hvKM]ÂiJLÓ^Li,XZhoX/Rc]CRÂ`ÈÓf\^RcLDXeWvLÓfXZhpTm\fYKXeTVLWm\fXZÓ
TMZÅ]]CRcL[ÒU`z\)Ó^\fR KXeTmLWp\·XZÓlVd-,FHGcL,ÕcRc\^TmL,LÓfLKMLRUTyhp]CÓ)ZLWY]CKMucwJTmLi TmGcLY]CWpRcLDX*icLÔÆ]CWpKXeTV\^]CR LS)CLWpÒ
hmLY]CRci +Gc\^ÓfLHTmGcLHgCWVXeucGc\^YhvKM]ÂiJwcÓfL +»XZhXZcÓ^L+TV]/uJWm],)\ficLXy}  +WpLÔÆWmLhmGWVXeTmL$-@QSR 1J[ (  ±C~$3<d[»]ZTm\fR Ad;
=$?qèicLhpYWp\f´LhX±GcLujXeTV\^Y+hpwcWmgCLWpÒOhm\^KOwcÓfXeTV]ZWk+GcLWpL+TVGcLHÓ^\)ZLWv\^hÄWmLucWmLhmLR3TmLiXZhvX±Ó^\fRcLXZWÄLÓ·XZhrTV\^Y )C]CÓ^wcKML[`
TVWp\fY+KM]icLÓ#+\¡TVG²hpTVXeTV\^Y+Y]CRchpTmWVXZ\^RUTVhS- *ÁÒucWmLa`SY]CKMucwJTV\^Rcg±TmGcL+WmLhmu´]CRchpL+]ZÔlhmwJWpÔ>XZYL )CLWpTV\^YLhÄTV]±u´]Chp\^Tm\f]CR
Y]CRJhpTVWmXZ\^R3TmhdCTmGcL+Ó^\)ZLWÄKM]icLÓYDXZROALÁicLÔÆ]CWpKMLi²\^RyWmLXZÓ¡`îTV\^KML$-EjwcWrTVGcLWmKM]CWmLedeTmGcL»ÔÆ]CWpYL[`îÔÆLLicjXZYGY]CKy`
ucwJTVXeTV\^]CR XZRJi TVGcL,Óf\R)CLWOicL[ÔÆ]CWmKXeTm\f]ZR Y]CKMucwÂTbXeTm\f]CR YDXZR ´LiJLY]ZwcucÓ^Li TV]_XZYbGc\^LS)ZL%]CuJTV\^KXZÓGjXZuJTm\fY
ic\^hmucÓfXDÒ Tî|e}C}  0VXeRciU)\fhpwjXZÓÁic\fhpucÓfXÒ T<NZ}  0Vd-_Â\fKM\^Ó·XeWmÓ¡ÒCd+*»Wp]e` \fLÓfhpLR 1*L[+Z~cd *tC~3ÁicLYWmLXZhmLi
TVGcL¹Y]CKMucwJTVXeTV\^]CR9Tm\fKML±]ZÔ£XOÓf\^RcLXZW+LÓfXZhrTV\^Y±KM]ÂicLÓ +\¡TVGXOhpLKM\¤`S\^KuJÓf\^Y\¡ThmYbGcLKMLZdjUÒY]CRcicLRchm\^RcgXZRci
LÂucÓ^\fY\^TmÓ^ÒÅ\^R#)ZLWrTV\^RcgTVGJLWpLicwJYLi_hpTV\RQARcLhph¹KXeTVWp\ *\^RÅXucWpLucWp]ÂYLhphm\^Rcg9hpTVXZgCL-!±\^icL],ÔÆWVXeKLa`SWmXeTVLht]ZÔ
 | `Z}OÔÆWVXZKMLhehpLY]ZRci +ÁLWmL]CÂTbXZ\^RcLi +\¡TVGTVGc\^htKML[TVGc]i -
*ÒTbX$G3\^Rcg_Xei>)eXZRUTbXZgCL]ZÔÁTVGcLÓf\^RcLXZWRcXeTVwcWpL,]eÔ»TVGJL,hrTbXeTm\fY]CWiJÒRjXZKM\^Y,LS5wcXeTV\^]CRdTVGcLKMLTVGJ]Âich
]ZÔ [»]ZTm\fR 1J[ (  ±C~cdk[»]ZTb   3HXZRJi *»Wm]e`t\^LÓ^hmLR 1 * [+C~3»icLYWmLDXehmLhyTmGcL9Y]CKMucwJTbX¯TV\^]CR TV\^KML9]ZÔHÕjRc\¡TVL
LÓ^LKMLRUTKM]icLÓ^h9UÒ X¯TÓ^LDXZhrT9Ô>XZY[TV]CW]ZÔ²}Z}>- ],+»Ld)CLWdthpwcYbG ]CuJTm\fKM\DXeTm\f]CRJh9XZWpL_Rc]ZTY]CKMujX¯TV\^cÓfL
+\^TmG*TmGcL±TV]ZuA]CÓ^]CgC\^YDXeÓ6YbGjXZRJgCLLRUTbXZ\^Ó^Li*3Ò9hmwJTmwcWm\^RcgM]CWHYwÂTmTV\^Rcg +GcLWmL/TVGcL/hrTV\RQ6RJLhmhKXeTVWp\ 9KOwchrTAL
wcu´ijXeTVLi -
QSR,ÕjgCwcWpL/ +ÁL±hmGc],+ XZR%L cXeKuJÓfL±]eÔ#WmLDXeÓ¡`îTV\^KL¹GcLujX¯TV\^Y±hm\^KOwcÓfXeTm]CW+icLd)CLÓ^]Cu´Li*XeT»Q ¹zQ  1J[ ( ¹C~cd
[»]ZTb   3M-tFHGcLywchpLW±KXZRJ\fucwJÓ·XeTmLh/XMÔÆ]CWmYL[`îÔÆLLiJjXZYG_hp\fKwcÓfXeTV\^]CRucÓfXeTmÔÆ]ZWmK!XZRci_ÔÆLLÓ^h¹TVGJLOY]ZR3TVXZYT¹AL[Tp`
+»LLR*TVGcLN)\fWrTVwjXeÓ£\fRchrTVWpwcKMLRUT/XZRJiÅXMÓ^\)ZLWKM]ÂicLÓ
-
 th²X Y]ZRcYÓ^wchm\^]CRdoÕjRc\¡TVL%LÓfLKMLRUTK]icLÓfhMXZWpLH+ÁLÓ^ÓHhmwc\¡TVLi Tm]Y]CKMucwÂTVLXZYYwcWmXeTVLXZRJi Y]CKMucÓ^L
icLÔÆ]ZWmKXeTV\^]CR ]ZÔÁhm]ZÔ¾TTV\^hmhpwcL$- t],+ÁLS)CLWd@\^T\^hL TVWmLKMLÓ¡ÒiJ\!YwJÓ^TTV]*gCLTWpLDXZÓ
Tm\fKMLuALWpÔÆ]CWpKXZRcYLM]CR
XKM]ÂiJLWVX¯TVLÓ¡Ò*uA],+ÁLWrÔÆwcÓ+Á]CWG3hrTbXeTm\f]CRwJhm\^Rcg9ÕjRc\¡TVLLÓ^LKMLRUTKM]ÂiJLÓ^h- *ÁwJT¹ÔÆ]CWÓ^\fRcLXZW¹LÓ·XehpTV\^YyKM]icLÓ^hd
]CRcÓ¡Ò )eXZÓ^\^i ÔÆ]CWhpK,XeÓfÓ±iJ\fhpucÓ·XeYLKMLR3Tmhd±\¡T9\^h9u´]Chmhp\fJÓfL Tm] XZYbGc\^LS)CLWpLDXZÓ¤`ÈTm\fKML iJLÔÆ]CWpK,X¯TV\^]CRch- .RcÓf\GZL
hmucWp\fRJg,KM]icLÓ^h!T>hpLLhmLYTV\^]CR Na-¶VadÂTmGcLWpL\^hHRc]MWmLhpTmWm\^YTV\^]CR*]CR%TVGcL/hrTV\RQ6RJLhmh )eXZÓ^wcL]ZÔ#TVGcL/KM]icLÓ +\^TmG
WmLhmu´LYTTV]²TmGcL/TV\^KLhrTVLu   +GcLR_wchp\fRcghmLKM\¡`È\fKMucÓ^\fY\^Tt]CWHhrTbXeTm\fYhmYbGJLKMLhS-
FHGJL¹YwÂTmTV\^Rcg]CWÁhpwJTVwJWm\^RcgO]Cu´LWmXeTV\^]CR,WmL53wc\^WmLhÁTmGcLtÕjRJ\^TmL¹LÓ^LKMLR3T»KM]ÂicLÓ´Tm]´LWmL[`ÈKMLhmGJLi -  GcLR
wchm\^Rcg9hrTVWpwcYTmwcWmLiLÓ^LKMLRUTVh/hpwcYbG8XZhWmLYTbXeRcgCwcÓfXZWdAucWm\^hmKXeTm\fY]CWGcLJXZLicWVXZÓ@LÓ^LKMLRUTmhd6TmGcLOYwJTmTm\fRcg\fh
]ZÔ¾TVLRÅY]CRchrTVWVXe\fRcLi_TV]]YYwJWtXeÓf]CRJgXMgC\R)CLRÅic\^WmLY[TV\^]CR 1XYXZ\fC~Âd´JzU|3
-  \^TmG_wcRchrTVWpwcYTmwcWmLi LÓ^LKMLRUTmh
!ñutdvwxSy
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E@\fgCwJWmL>P+tLujXeTm\fYhmwJWmgCLWpÒhm\^KOwJÓ·XeTm\f]ZRÅucÓfXeTpÔÆ]CWmK X¯TQ ¹zQ 
hmwcYbG XZhOTmWm\fXZRcgCwcÓfXZW²]CWTVLTmWVXZGJLicWmXZÓ+LÓ^LKMLR3Tmhd+KM]CWpL%gCLRJLWVXeÓ+YwJTMuJÓ·XZRJLhMKXÒ AL%iJLhm\^gCRcLi X¯T²TVGcL
Y]ChrTO]eÔ+gCWpLDXeTmLWY]CKMucÓ^LÂ\¡TSÒ-_E@\fRjXeÓfÓ¡ÒCd )\fhpwjXZÓ^\ XeTV\^]CR ]eÔ»ÕjRc\¡TVLLÓ^LKMLR3TmhO\^h!+ÁLÓ^Óohmwc\¡TVLi ÔÆ]CW/gCWmXZucGc\^Yh
GjXZWpi>+ XeWmLOhp\fRJYLO\¡TY]CRJhm\^hpTVh±XWpLRcicLWm\^RcgH)\^hm\^cÓfLLÓ^LKMLRUTmh- tÔ¾TmLWYwJTpTV\^Rcg]ZWthpwJTVwcWp\fRJg9X )C]CÓ^wcKMLTmWm\^Y
KM]ÂicLÓ<d3\¡Tv\^hRJLYLhmhmXZWpÒ²Tm]/wcuAicXeTVL+TmGcLHÓf\^hpTo]eÔ)\^hm\^cÓ^LÔ>XZYLTmh-E
\^gCwcWpL±hmGc],+hvTVGJLHWmLDXeÓ¡`îTV\^KLHYwJTmTm\fRJg]ZÔ
XMTmLTmWVXZGcLicWVXeÓ#ÕcRc\^TmLLÓfLKMLRUT±KMLhpG ]ZÔÄX G3\^icRcLÒ 1J[»]ZTb   3M-ÁFHGcL G3\^icRcL[Ò_GjXehtXMÓ^\fRcLXZWLÓfXZhpTm\fYALGjX0)\f]CW
XZRci%XeRLÂucÓ^\^Y\¡THY]CKMucwÂTbXeTm\f]CR,hmYbGcLKML/ucWmLd)CLRUTmh»TVGcLtWmLa`SY]ZKuJwJTbXeTm\f]ZR]ZÔTmGcL¹gZÓf]CcXZÓlhpTV\RQARcLhph+KXeTVWp\  -
E
\^gCwcWpL>Pu[»wJTmTm\fRJg,]ZÔ
X G3\ficRJLÒ%ÕjRc\¡TVLLÓ^LKMLR3TtKM]ÂiJLÓ-
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b¹TVGcLW²K]icLÓfhy]eÔtiJLÔÆ]CWpK,XecÓfL%´]ic\fLhyGjX0)CL%´LLR ucWm]Cu´]ChpLi \^R Y]CKMucwJTmLW²gCWmXZucGc\^YhS-sk)ZLR \^ÔhmwJYbG
KMLTVGJ]ÂichÁGjX0)CLthmLÓ^ic]CK ´LLR9XZucuJÓf\^LiTV]OKMLic\fYXZÓ´hm\^KOwcÓfXeTV\^]CRd3TVGJLÒ,XZWmLWpLÓ^LS)eXZRUT»Tm]TmGcLtiJLS)CLÓf]ZucKMLRUT
]ZÔ@WmLDXeÓTV\^KLhp\fKwcÓ·X¯TV\^]CR_]ZÔ@hm]eÔ¾THTV\^hmhmwJL$-
Ej]CW/\^RchrTbXZRcYLZd\fKMucÓ^\^Y\¡TOhpwcWpÔ>XZYLhicLÕjRJLi UÒ8u´]ZTVLRUTV\fXZÓÄÕjLÓ^ichXeTmTVXZYbGcLiTV]h GZLÓ^LTm]CRchy\^hX*WpLucWpL[`
hmLR3TVXeTV\^]CR_+ÁLÓ^Ó¡`Èhmwc\¡TVLiÔÆ]ZW»Y]ZÓfÓ^\fhp\f]ZR*iJLTVLYTm\f]CR%Y]CKMucwJTVXeTV\^]CRXZRci9TmGcL±KM]icLÓ^\fRJg²]ZÔ8)CLWpÒ9hp]ZÔ¾TH]CqrLYTmh-
QSR 1%[ (±   3<d XZhmYwcLÓvhpGc],+hTmGjXeTKXeTmLWm\fXZÓ@hpTV\RQARcLhph\^h/WmLÓ·XeTmLiTV]%TmGcL²gCWVXeic\fLRUT]ZÔuA]ZTmLRUTV\fXZÓ
ÕcLÓ^i
XZRci8TVGjX¯ThmwcYbG KM]ÂicLÓfhYXZRhpwcucu´]CWpTYwJTmTm\fRJgÅ]CW/hpwJTVwJWm\^Rcg*- b¹TVGcLW/gCÓ^]CjXZÓ
TmWVXZRJhpÔÆ]CWpK,X¯TV\^]CRch/hmwJYbG XZh
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XeTV\^]CRch 1J[»]a5C}3v]CW/KM]ÂicXZÓvXZRjXeÓ^Òhm\^h 1èÂnÂ3oXZWpL²uA]ZTmLRUTV\fXZÓ^Ó^Ò ]ZÔ\fRUTVLWmLhpTDd
ÔÆ]CWH\^RchpTVXZRcYLÔÆ]CWHKM]icLÓ^\fRJgTmGcLLSQALYT]CRÅXZ´ic]CKM\^RjXZÓ6Tm\fhphmwcLh¹]ZÔ@cWmLXeTVGJ\fRcg>-
   O(+$[O(
 LGjX0)ZL\^hm]CÓfXeTmLiTVGcWpLLKXZ\fR*ucWp]CcÓ^LKMhÔÆ]ZWXZYbGc\^LS)\fRJgWmLXZÓ^\fhrTV\^Yhp]ZÔ¾THTV\^hmhpwcLKM]icLÓ^h P
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 	 	  	  	ÆÐ  Ð  	ÆÐ 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 	 C'+ ÈÐ  J 	ÆÐ -   KX¯qr]CW\fKMu´Lic\^KMLRUT±Tm],cwJ\fÓ^ic\^Rcg%XZYYwÂ`
WVX¯TVLhm]ZÔ¾TTV\^hmhpwcLyKM]ÂiJLÓ^h¹\^htTVGJLÓfXZYG]ZÔ53wjXZRUTm\^TVXeTV\R)CLyJ\f]CKMLYbGjXZRc\^YDXZÓ@\fRÂÔÆ]CWmKXeTm\f]CR*hmwJ\^TVXZcÓ^LOÔÆ]CW
ÕjRc\¡TVLtLÓ^LKMLRUT»Y]CKMucwJTVXeTV\^]CR -vFHGJLtWpL53wc\^WmLi%\^RJÔÆ]CWpKXeTV\^]CRRc]ZTÁ]CRcÓ¡ÒMWmLÔÆLWmhoTV]TVGcL\fRJRcLWKMLYbGjX¯`
Rc\^YDXZÓÂucWm]ZuALWpTSÒy]eÔ´X¹gC\R)CLRMhp]ZÔ¾TÄTV\^hmhpwcLHcwJTvXZÓfhp]±\^RcYÓ^wcicLhY]CRUTbXZY[Tk+\¡TVGyTVGJLHhmwcWpWm]CwcRJic\fRJg±TV\^hmhmwJLh-
QSRMTVLWpKMh]eÔAY]CKMucwJTVXeTV\^]CRdUTVGJLÔÆ]ZWmKMLWvY]CWmWpLhmu´]CRciJhoTm]/TVGcLY]ZRchpTm\^TmwJTV\R)CLÓ·X0+ ]ZÔAK]eTV\^]CRMÓf\^R*G3\fRJg
TVGJL²hpTVWpLhphTmLRchp]CWN+\^TmGTVGcL²hrTVWVXe\fRTVLRchm]ZWL+GcLWpLDXZh/TVGJL²Ó·XeTpTVLW/Y]CWpWmLhpuA]ZRcich±TV]%TmGcL²A]ZwcRcijXZWrÒ
Y]ZRcic\¡TV\^]CRch-
FHGcL*XZYS5wJ\fhp\^Tm\f]CR ]ZÔLÓfXZhrTV\^Y%]CW )\fhpY]LÓfXZhpTm\fYucWp]CuALWpTm\fLh]eÔ¹X_Tm\fhphmwcL\^h²wchmwcXZÓfÓ¡Ò u´LWrÔÆ]CWmKMLi UÒ
WmGJL]CÓ^]CgC\^YDXZÓLÂu´LWp\fKMLRUTmh-±s Â\^hpTV\^Rcg%WpGcL]CKML[TVLWph±WmLS53wc\fWpLOTVGcXeT¹L ÂuALWm\^KLRUTVhXZWpLOu´LWpÔÆ]ZWmKMLi/7:o
$,7:;9hÄ]CRwcRc\fX Â\·XeÓUhVXZKMucÓ^LhS-ÄFHGc\^h@WmXZ\fhpLh#TF+»]ucWp]CcÓ^LKMh- E
\fWphpTd¯TmGcLB7:o $,7:;
9 hvuJWm]Cu´LWrTV\^Lh#KXÒN)eXZWrÒ
hmwJchpTVXZRUTV\fXZÓfÓ¡ÒÔÆWm]CK TVGcL/TmWmwcL 7:o $,7 $ htucWm]ZuALWpTV\^Lhdlhmu´LY\¡ÕjYXZÓfÓ¡Ò +\^TmGÅu´LWpKMLDXZcÓ^LTV\^hmhmwJLhY]CRUTbXe\¡`
Rc\^Rcg \^RcY]CKMucWmLhmhm\^cÓ^L\Ojwc\^ich T>hmwJYbG XZh,JÓf]]Âi ]CWc[H>EV-ÁÂLY]CRcidHL Ju´LWp\fKMLR3TmhH+\¡TVG wJRc\·X J\fXZÓ
hVXeKuJÓfLh¹XZWpL/]CRcÓ¡Òs)eXZÓ^\fi\¡Ô@TmGcL/TV\^hmhmwJL\^hGc]CKM]CgCLRcL]ZwchXZRci\fhp]ZTVWp]Cuc\^Y$-uE
\^RjXZÓ^Ó^ÒZdjWmGcL]CKMLTmLWmhic]
Rc]ZTtXZÓ^Ó^]4+ YbGjXZWmXZYTmLWp\ XeTV\^]CR_]eÔ@TmGcL/ÔÆ]CWmYLeicL[ÔÆ]CWmKXeTm\f]ZR*Y]CRUTbXZY[T¹´LTF+ÁLLR_RcL\fgZG´]CWp\fRcgMTV\^hmhpwcLhS-
QSR9TVGJL¹ÔÆwJTVwJWmLZdJKLic\^YDXZÓ\^KXZgC\^RcgyY]CwcÓ^i*uJWm],)\ficL 7:o $,7 $ hc\^]CKMLYbGjXZRJ\fYXZÓ6TV\^hmhpwcL/KMLDXZhpwcWmLKMLRUTVhS-
 \^icLÓ¡ÒU`SwchpLi \^KXZgC\^RcgÅKM]ijXZÓ^\^Tm\fLhhmwcYbG Xehr[»F»`ÈhmYXZRcRcLWmhO]ZW!Z_zQbd#XeÓfWpLDXZiJÒ8uJWm],)\ficL,XZucuJWm]Â\¡`
KXeTVL\^RJÔÆ]CWmKXeTm\f]ZR_XZ´]CwJTHTmGcLicLRchp\^TSÒÅXZRJi*TmGcLWpLÓfXeTV\R)CL +»XeTVLWtY]CRUTVLRUT¹]ZÔ
Tm\fhphmwcL-HÂwcYbG_\fRJÔÆ]ZWr`
KXeTV\^]CRYDXeRTmGcLR´L/wchmLi%TV]M\fRÂÔÆLWHXZuJucWm]Â\fKXeTmLÓ¡Ò%TVGcL/J\f]CKMLYbGjXZRc\^YDXZÓTm\fhphmwcLucWp]Cu´LWpTm\fLh-uEj]CW
\^RchpTVXZRcYLedYt]YbG Ad; =$?qu1JY  [D) *+Z~$3ÁiJLWm\R)CLhyTVGcLhpTm\QARcLhmhr)eXZÓ^wcLhO]ZÔHhmuJWm\^Rcg_KM]icLÓ^hOÔÆWm]ZK TVGcL
t]ZwcRchpÕcLÓ^iwcRc\¡TVh¹]eÔoX_[»F \^K,XegCL$-tÂ\^KM\fÓfXZW¹WpLDXZhp]CRc\^Rcge1L[+U43+ÁLWpL²XZucucÓ^\^Li_ÔÆ]CWTVGJLOWmLY],)CLWpÒ
]ZÔHTmGcL ]CwJRcg  hyKM]ÂicwJÓfwch]ZÔ´]CRcLhÔÆWm]CK [»F hmYXZRchS- *»WVXe\fRIZÅzQ\^K,XegCLhY]CwcÓ^i ´LwchpLi TV]
XZucuJWm]Â\fKXeTmLTmGcLhpTV\RQARcLhph¹]ZÔ@cWVXe\fRTV\^hmhpwcLhthm\^RcYL\^TmhY]CKMucÓ^\·XeRcYLGjXZh´LLRÅhmGc],+R*TV]ALY]ZWr`
WmLÓ·X¯TVLi/+\^TmGU+ X¯TVLWOY]CRUTVLRUTy]ZÔN7:o $,7 $ hMJWVXZ\^R TV\^hmhpwcLe1JZ_XZhmC}3
-\ZÅ]ZWmL,XZYYwcWVXeTmL9LÂu´LWp\fKMLRUTmh
GjX0)CLALLRÅWmLu´]CWrTVLiÅUÒ\ZÅXZRcicwcYX2Ad; =$?q1JZ\Z_zC~3wchp\fRcgsZ_XZgCRJLTV\^YzLhm]CRjXeRcYLOsoÓfXZhrTV]CgCWmX¯`
ucGUÒIT
Z_zsDV- *ÁÒÅucWp]CujXZgUX¯TV\^Rcg%XZY]CwchpTm\fYOhpTVWmXZ\^R + X0)CLhdZ_zs \^KXZgCLh±ucWm],)\^icLMXZRLhrTV\^KXeTVL²]ZÔ
LÓfXZhrTV\^YhrTV\RQ6RcLhmhÔÆ]CWHhmKXZÓ^Ó£ic\^hmucÓfXZYLKMLRUTVhS-
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u- [»]CKMucwJTVXeTV\^]CR²TV\^KML+\^hvXZR²\^Ku´]CWrTbXZRUTvY]CRchpTmWVXZ\^RUTÄÔÆ]CWÄhpwcWmgZLWpÒucÓfXZRÂ`
Rc\^Rcg±]CWhmwJWmgC\^YDXZÓucWp]ÂYLicwcWpL+hm\^KOwJÓ·XeTm\f]ZR -ÄF]±XZYbGc\^LS)ZLXtgC\R)CLR²Y]CKMucwÂTbXeTm\f]CROWVXeTmLZdZ\¡TÄ\^h
RJLYLhmhmXZWpÒ
TV]OK,XGZLXOY]CKMucWm]CKM\^hmL/´LTF+ÁLLRTmGcL±KMLhpGWmLhp]CÓ^wJTV\^]CRXZRci,TVGcL±Y]CKMucÓ^LÂ\^TSÒ9]ZÔ£TVGcLtc\^]CKMLYbGjX¯`
Rc\^YDXZÓ£KM]icLÓ-oFHGcLLÂu´]CRcLRUTm\·XZÓ£\^RcYWmLDXehmL\fRY]ZKuJwJTV\^Rcg,XZRci*gCWVXZuJGc\fYhGjXZWmia+ XZWpLuALWpÔÆ]CWpK,XeRcYL
hmGJ]CwcÓ^i%ÓfLXZi9RjXeTmwcWVXeÓfÓ¡ÒMTV]yicLRchmLW+hm]eÔ¾T»TV\^hmhpwcL±KM]icLÓ^h-+]4+ÁLS)ZLWdcTVGcL¹XZicic\¡TV\^]CR9]ZÔK]ZWmL¹hp]CucGc\^hr`
TV\^YDX¯TVLiKM]icLÓ^hH]ZÔicLÔÆ]ZWmKXeTV\^]CRXZRJi%\fRUTVLWVXZY[TV\^]CRWmLS5wJ\fWpLhLS)ZLR*K]ZWmL±Y]CKMucwJTbX¯TV\^]CRuA],+ÁLW-oQÈT
\^hTmGcLWpLÔÆ]CWpL,RJLYLhmhmXZWpÒ8TV]icLd)CLÓf]CuKM]CWmLML !Y\fLR3TyXZÓ^gC]CWm\¡TVGJKhd#hmu´LY\¡ÕjYXZÓfÓ¡Ò8ÔÆ]CW±TVGJLMÔÆ]ZÓfÓ^],+\fRcg
TVGJWmLL/TVXZhG3h!P
 Ñ ÌîÐ   Â 	>Ð
 Ð
 #Ð  + 	Ì c  	 D ÐÌ +>c 	  	 
	 Ì  Ð Ñ Ì +< d
  Ð + + 	  	>Ð
 Ñ Ì  Ì Z 	>Ð
  Ì  ÏyÌ3Ì Ñ ÌîÐ   J + Ì  Ð Ñ 	ÆÌ  d
  Ð   	#Â 	>Ð
 Ð
  Ð
 cZ îÐ ¯ Ì M Ì  ÏOÌÌ Ñ ÌÈÐ   c + Ì  Ð Ñ 	ÆÌ  -
!ñutdvwxSy
    rÝfÝ:
QÈT+\^h»Ó^\GZLÓ¡ÒTVGjXeTÁ\^KuJWm],)CLiÅXeÓfgC]ZWm\¡TVGcKMhD+\^Ó^ÓAhrTVLKÔÆWp]CK TVGcLtA]eTVG9c\^]CKMLYbGcXZRc\^YhXZRci,Y]CKMucwÂTVLW
gCWmXZucGc\^YhY]ZKKwcRc\¡TV\^LhS-
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u- XZÓf\^ijXeTm\f]ZR]ZÔÁhm]eÔ¾TTm\fhphmwcLicL[ÔÆ]CWmKXeTm\f]CR8\^hOX%YWmwcY\·XZÓvhrTVLu \^R TmGcLMicL[`
)CLÓf]ZucKMLRUTM]ZÔHhp]ZÔ¾TOTm\fhphmwcL9KM]icLÓ^\^Rcg \^R KMLic\^YDXZÓÁhm\^KOwcÓfXeTm]CWmhS-_QÈTyWpL53wc\^WmLhOTVGcL,Y]CKMujXeWm\^hm]CR ]ZÔ
icL[ÔÆ]CWmKXeTm\f]CRJh*´LTF+ÁLLR Y]CKMucwJTVLWm\Li KM]icLÓ^h*XZRci 7:o $,7 $ h*TV\^hmhpwcLhS- FHGcL8hmGjXZu´Le)eXZWm\fXeTV\^]CR
]ZÔ@TV\^hmhmwJLh¹YXZR*ALKMLDXZhpwcWmLi_TVGJWm]CwcgZGTmWm\^ic\^KLRchm\^]CRjXeÓ@\^KXZgCLWrÒ%hmwJYbGXZh [»F»`ShpYDXZRcRJLWmht]CW Z_zQ
\^K,XegCLhS- *ÁÒY]CKc\^Rc\fRJg/\fKXZgCLÁhmLgCKMLRUTbXeTm\f]ZR +\^TmGyRc]CRyWp\fgZ\fiyWpLgC\^hpTmWVXeTm\f]ZRdCic\^hmucÓfXZYLKMLRUTvÕjLÓfich
]ZÔATV\^hmhmwJLh»YXZRALWmLY],)CLWmLiXZRciMTVGcLRY]ZKucXZWmLic+\¡TVGucWmLic\fY[TVLi9ic\^hmucÓfXZYLKMLRUTVh+]eÔhm]eÔ¾TTm\fhphmwcL
KM]ÂiJLÓ^h-onvGUÒÂhp\fYXZÓ6KXZW GZLWmh»]ZWoTVXZgCgCLisZÅzQÄY]CwcÓ^iGcLÓfuhm]CÓR)\fRcgTVGcLKXeTVYbGJ\fRcgOucWm]CJÓfLK -Ej]CWoX
Y]ZKuJÓfL[TVL )eXZÓ^\fijX¯TV\^]CRdZTmGcL+KMLDXZhpwcWmLKMLRUT»]eÔlhpTVWpLhphoXZRciMXZucuJÓf\^Li²ÔÆ]CWpYLh
]CRMXZYTmwjXZÓTV\^hmhmwJLhvhmGJ]CwcÓ^i
´Lu´LWrÔÆ]CWmKMLi_XZRJi*Y]CKMujXZWpLi +\¡TVG*ucWpLic\^YTmLi )eXZÓ^wcLh-
(¹L[ÔÆ]CWmKXeTm\f]ZR  HYYwcWmXZYÒ [»]CKMucwJTVXeTV\^]CR*FH\fKML [»wJTpTV\^Rcg ¹\fhpwjXZÓ^\ XeTV\^]CR
E
\^Rc\^TmLsoÓ^LKMLR3TLZÅ]icLÓ^h xCxZx x x xCxZxÂucWp\fRcgHZÅ]icLÓ^h x xCx xCx xZxQSKMucÓf\^Y\¡TLZÅ]ÂiJLÓ^h x xCx xCxCx x
F
XecÓfLP [»]CKMujXZWp\fhp]CR]ZÔvhp]ZÔ¾T¹Tm\fhphmwcL²KM]icLÓ^h T   M\^Rcic\^YDXeTmLhXgC]Â]i XeicL53wjXZY[Ò ]ZÔ
TVGcLyKM]icLÓ@XZRci
 MX²u´]Â]CW+XZicL53wjXeYÒ>Vd-
FHGJLu´LWrÔÆ]CWmKXZRJYL]ZÔ»YwcWmWpLRUThm]ZÔ¾T/Tm\fhphmwcL,K]icLÓfhXZWpLhpwcKMKXZWm\Li \^R TVXZcÓ^L*$-cE@\fRc\¡TVLMLÓfLKLRUT
KM]ÂicLÓfhtXZWpL/K]ZhpTVÓ¡ÒwchpLi_\^Rc\^]CKMLYbGjXZRJ\fYh¹´LYDXewchmLTVGcL[Ò*XZ\^KXeTKM]icLÓ^\fRJgXZYYwcWmXeTVLicL[ÔÆ]CWmKXeTm\f]CRJh-
b±R TVGcLy]eTVGcLW±GjXZRci6dhmucWp\fRJg%K]icLÓfh/GjX0)ZL²ALLRicLd)CLÓ^]Cu´Li8\^RY]CKMucwJTmLW/gCWmXZucGc\^YhtÔÆ]CW¹TVGJL\^W±hm\^KMucÓfL
XZRciL !Y\^LRUTÄ\^KMucÓ^LKMLRUTbX¯TV\^]CR -vQSRTVGcLujXZhrT@ÔÆLd+ ÒCLXZWmhdZTVGcLWmLGjX0)CLÁALLRyhpLS)CLWVXZÓÂXeTpTVLKMuJTmhTm]t\^KMucWm],)ZL
TVGcLY]CKMucwJTbX¯TV\^]CRjXZÓL!Y\^LRcY[Ò]ZÔ@ÕcRc\^TmL/LÓ^LKMLRUTmhr1J[ (  ±C~cd * L[+C~3£XZRci%TV]M\^KuJWm],)CL/TVGJLWpLDXZÓ^\^hmK]ZÔ
hmucWp\fRJgKM]icLÓ^h 1JYsoC~3
- QÈTM\^hMÓf\GZLÓ^Ò \fR TVGJL9ÔÆwJTVwcWpLZdoTVGjX¯T²\fRUTmLWVXeYTV\^]CR AL[TF+»LLR c\f]ZKLYbGjXZRc\^Yh,XZRci
Y]CKMucwÂTVLWgCWmXZucGc\^Yh +\^ÓfÓ£Y]CRUTVWm\^cwJTmLTm]XMKX¯qr]ZW\^KMucWm],)ZLKMLRUT±\^R*hm]ZÔ¾THTm\fhphmwcLKM]ÂicLÓf\^Rcg*-
, #ÐÂÏ + Ì Ñ   Ì  y L +»]ZwcÓfi,Óf\GZLTV]TVGcXZR*G ZÅ\GZL*»WVXeiJÒCd t\^YbGc]CÓfXZh  ÄÒUXZYbGcLedc3TVkuJGjXZRcL [»]ZTV\^Rd
Z]CGjXZR_ZÅ]CRUTbXZgZRjXeTÔÆ]CWÁTmGcL\^W»\^RUTVLWpLhrTV\^Rcg²Y]CKMKMLRUTmh-  L +»]ZwcÓfi%Ó^\GZL¹Tm]TVGcXZR*GXZÓ^hm] ZLXZRÂ` ZÅXZWm\^LN[»Ó^k[`
KMLRUTDd>(¹W»F@XZhmhpLTpTV\>d*(¹W»zwchphm\^LW»XZRci9nvW Z_XZWmLhmYXZw ]ZÔQz [   (Odj3TVWVXehm´]CwcWmgsT>QSRchrTV\¡TVwJT»icL±zLYbGJLWmYbGJL
Y]CRUTmWmLÓfL [+XZRcYLWicLÓ   tucujXZWpL\^Ó (¹\fgZLhpTm\^Ô V+ÔÆ]CW+TVGcL\fW )eXZÓ^wjXZcÓ^LLÂu´LWpTm\fhpL]ZRÅhpwcWmgC\^YDXeÓ£ucWm]YLicwcWmLh-
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